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1. INTRODUCTION 


1. 1 BACKGROUND 
1.1.1 History 

Concepts for cooled infrared telescopes have been discussed in the 
literature for over a decade. However, until the early 1970's interest had not 
been high in exploiting the space environment to utilize such an instrument. 
Probably the main reason was that, because infrared astronomy is a relatively 
new branch of the science, the astronomers were busy 'vith the discoveries 
they were making with ground-based, balloon-borne, and aircraft telescopes 
within the limits set by atmospheric absorption and emission and by the balloon 
and aircraft performance. A contributing factor also was the unavailability 
of infrared detectors that would be sensitive enough to benefit from a cooled 
telescope. At about the same time that the astronomers began to feel it 
was worthwhile to consider more sensitive facilities, they were also finding 
out that the technology for making very sensitive detectors and cooled tele- 
scopes, developed by the military, could be made available to them. 

The design of SIRTF (Figure 1-1) was guided by a number of preceding 
and concurrent studies which defined goals for infrared astronomy and indi- 
cated how these goals might be accomplished using the Shuttle. In May 1971» 
investigators at the Ames Research Center described possible plans for 
developing a large cooled telescope for the Space, Shuttl.e; preliminary studies 
were funded and carried out through 1973 (Ref. 1-1). In 1972, at the Space 
Shuttle Sortie Workshop (Ref. 1-2), the IR Astronomy Working Group 
proposed that a 1- meter cooled telescope be developed. Subsequently, NASA 
Headquarters formed an Astronomy Working Group which recommended a 
somewhat larger instrument (Ref. 1-3). Later, the 1973 Wpqds Hole Summer 
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Study recommended that NASA undertake a design study of a 1- meter cooled 
IR telescope to establish its feasibility on the Space Shuttle (Ref. 1-4). The 
Space Science Board Infrared and Submillimeter Study (Ref. 1-5) further 
defined astronomy goals and identified a cooled 1- meter telescope of the 
SIRTF type as the first priority Shuttle payload. 

Ames and NASA Headquarters invited a group of infrared astronomers 
to serve as advisors on the study. This group, called the Shuttle Infrared 
Telescope Science Accommodations Group (SIRTSAG), first met in February 
1974. Chairman was Dr. David M. Rank of the University of California at 
Santa Cruz, and the members were: Dr. Eric E. Becklin, of the California 
Institute of Technology; Dr. Fred C. Gillett, of Kitt Peak National Observa- 
tory; Dr. D. A. Harper, Jr., of Yerkes Observatory; Dr. William F. 
Hoffmann, of the University of Arizona; Dr. Frank J. Low, of the University 
of Arizona; Dr. Russell G. Walker, who was at that time at the Air Force 
Cambridge Research Laboratory and is now at Ames Research Center; and 
Dr. Fred C. Witteborn, of Ames Research Center. 

It was decided by NASA that a major study effort should be performed 
by an industrial firm that had experience with similar, albeit smaller, space 
projects. A request for proposal (RFP) for the SIRTF Preliminary Design 
Study was issued in February 1974, with a modification that incorporated the 
final SIRTSAG inputs. Six company teams responded, and after evaluation by 
Ames and the SIRTSAG with NASA Headquarters, NASA Marshall Space Flight 
Center and USAF personnel assistance, the contract was awarded to Hughes 
Aircraft Company in July 1974. Grumman Aerospace Corporation, as a 
subcontractor to Hughes, provided assistance in the area of the SIR TF-Shuttle 
interface. 

1.1.2 Scope of the Study 

The basic requirement at the outset of the study was to define a SIRTF 
concept, determine its feasibility for the Space Shuttle/Spacelab, and perform 
tradeoffs to define the best and most economical set of characteristics and 
interfaces. Also, requisite technology development was to be identified. It 
became apparent during proposal evaluation that there would be little or no 
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question about the feasibility, and so the study was directed to concentrate on 
the preliminary design and tradeoffs. The focal plane instruments and their 
removable Multiple Instrument Chamber (MIC) were not included in the study, 
but were tentatively defined by NASA and the SIRTSAG. The contractor was 
required to define a substitute MIC (SUBMIC) for testing purposes. 

The modularity inherent in the use of Shuttle support and Spacelab 
components has allowed rather flexible design ranges to be considered. This 
reduced the amount of effort that was required to "fit" the SIRTF into the 
Space Transportation System (STS), and allowed additional effort to be applied 
to the design definition. As a result, except in the areas of scientific instru- 
ments and some interfaces, the output of the study could form the basis for 
proceeding almost irmnediately to the hardware phase. 

Several additions to the study were made as a result of SIRTSAG, Ames 
and NASA Headquarters requests. First, Hughes was required to compare the 
performance of a Ritchey-Chretien (Cassegrain) optical layout with that of the 
folded Gregorian that had been proposed. Several special investigations of 
scan noise sources were requested. The Instrument Pointing System (IPS) 
was proposed as a new item of Spacelab common-use equipment after the study 
had begun, and Hughes was required to incorporate the IPS into the design and 
to report on a tradeoff between the IPS and the dedicated gimbal that was 
required by the contract. After NASA defined the Video Inertial Pointing (VIP) 
system (Ref. 1-6), Hughes was tasked to incorporate the VIP focal plane sensor 
in the design and to coordinate with the sensor development at Ames and JPL. 
Contamination prediction was deleted from the contract requirements and a 
requirement to use the NASA contaminant radiation and absorption model was 
substituted. A special study of the effects of hard radiation on detectors at 
the SIRTF focal plane was added. Finally, a requirement to compare SIRTF 
performance and cost to a larger, ambient- temperature telescope (based on 
Reference 1-7) was added. 

This report describes the preliminary design of SIRTF based on the 
Shuttle and Spacelab definitions available as of December 1975. The tradeoffs 
and special studies that were performed to arrive at the design are described, 
and the estimated cost for the facility is presented. A complete list of the 
reports issued during the study is included in the bibliography. 
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1.1.3 Related Activities 


An important activity that has paralleled the Hughes work is a 
contamination assessment performed by NASA- Ames. Based on the predic- 
tions of the Orbiter contaminant sources and densities given by References 
1-8 and 1-9, Dr. Janet P. Simpson and Dr. Fred Witteborn at Ames pre- 
dicted the background that would be seen by a sensitive telescope (Ref. 1-10). 
Also, all data that were available on particulates seen during space flights, 
including Skylab and one military vehicle, were reviewed and studied. The 
results are also reported in Reference 1-10, and are used herein. Work on 
contaminant background is continuing at Ames, and now includes development 
of an infrared radiometer to fly on early Shuttle flights to measure the back- 
ground (Ref. 1-11). Ames has also performed tests to determine the number 
of dust particles ejected from Orbiter heat protection tiles, and plans an 
investigation of the dust velocity distributions for simulated leaks from 
pressure vessels. 

Dr. Simpson at Ames has also predicted the natural infrared back- 
ground from residual atmosphere at orbital altitudes (Ref. 1-12). To this 
must be added the zodiacal emission; the estimate that was used in this study 
was derived by Hughes personnel, and is reported herein. 

Some technology development needs were identified during the study 
and these are being pursued by Ames. One is the demonstration of perform- 
ance of a Joule-Thomson expansion valve for cooling the focal plane instru- 
ments to very low temperatures without inducing excessive thermal or acoustic 
noise. Development of the VIP system (Ref. 1-6) as a candidate for common 
use by Spacelab astronomy payloads has been closely coordinated with the 
SIRTF study. The VIP focal plane sensor, a charge-coupled-device (CCD) 
array, is being developed by JPL with Ames' cooperation. 

Ongoing facility operations, such as the 91-cm IR telescope on the 
Kuiper Airborne Observatory (C-141) at Ames, have contributed to the back- 
ground of this study. Similar study efforts of other proposed facilities, such 
as the Large Infrared Telescope on Spacelab (LIRTS) described in Reference 1-7, 
have been followed closely to avoid duplication of effort. An attempt has been 
made to coordinate with later studies such as the Infrared Astronomy Satellite 
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(IRAS) being carried out jointly by the Netherlands, United Kingdom and USA, 
to provide SIRTF results for their use. 

Finally, NASA- Ames has maintained liaison with the USAF so that 
technology developments of mutual interest have been identified and realistixr 
predictions of technology requirements are being made. 

1.2 ADVANTAGES OF IR TELESCOPES IN SPACE 

A distinguishing characteristic of infrared astronomy is the set of 
special techniques that it requires. Only a tiny amount o£ infrared energy 
reaches the focal plane of a telescope from an astronomical source. For 
ground-based telescopes, only energy in certain wavelengths escapes absorp- 
tion by the atmosphere. The energy that finally reaches the telescope is 
superimposed on, and often hidden by, the much larger background radiating 
from the earth's atmosphere and the telescope. Earth- based infrared astron- 
omers have developed a technique of spatial chopping to differentiate the 
source from some of the background. In this method, one of the mirrors in 
the optical path is oscillated so that the detector alternately sees the source 
plus the background, then the background only. The difference in signal 
should therefore be from the source itself. This technique works well in 
practice for strong sources, but fluctuations in the background or tempera- 
ture gradients in the telescope often provide too much noise to allow detection 
of faint objects. Repetitive measurements and additional techniques are 
required in order to determine the spectral characteristics of the objects, 
making most investigations very time-consuming. 

If the capability to do infrared astronomy is to be enhanced, it is 
clear that the infrared background must be reduced. A large improvement 
can be achieved by lifting the telescope above the earth's atmosphere; the 
very strong variable emission and almost complete absorption at many 
wavelengths are thereby avoided. 

A second major improvement results from cooling the telescope so 
that its emission is reduced below the level that will interfere with the signal. 
Cooling to very low temperature is necessary, but this method of improving 
performance can only be applied outside the atmosphere where atmosphere 
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constituents will not condense on the cooled surfaces. Cooling of the optics 
allows the most sensitive detectors to be used with a wide field of view and 
large spectral bandwidths. 

The advent of the Space Shuttle, with the Spacelab support equipment, 
will allow large, cooled infrared telescopes to be placed and operated in space 
and returned to earth for refurbishment. The large weight and size allow- 
ances for payloads will make it possible to build advanced scientific facilities 
without the extreme effort or compromise necessary to fit into less capable 
means of space transportation. Automatic protection against all possible 
malfunctions (except safety-of-flight items) is not required of the designer, 
because the trained operators on board can respond to nearly all unforeseen 
occurrences. Important cost savings will accrue from use of standard 
Orbiter and Spacelab components. 

The preceding are a few of the advantages of using the Space Trans- 
portation System as a base for infrared astronomy. More discussion of these 
can be found in References 1-13 and 1-14. During the study effort, much 
more emphasis was placed on identifying areas where the STS might be 
deficient so that, through NASA- Ames, changes could be suggested during 
the development of the STS. The only serious concern, contamination from 
the Shuttle itself, was suggested by infrared astronomers at the beginning of 
the study. An extensive study of the sources of contaminants and their effects 
on the telescope performance has been carried out by NASA- Ames with help 
from some of the scientists. The results are reported in Reference 1-10. 
Contamination avoidance and prevention have been included in the SIRTF 
functional and operational design. 

1.3 ALTERNATIVE IR FACILITIES 

Space Shuttle operations allow several kinds of IR facilities to be 
considered besides the large cooled attached telescope. Large free-flying 
telescopes could be launched and retrieved by Shuttle. Some investigations 
require very high spatial resolution, and therefore require either a very 
large-aperture telescope or a long-baseline interferometer. Also, some 
special investigations might conveniently be carried out using relatively 
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small cooled infrared telescopes that can be flown as parts of an integrated 
astronomy payload. 

Some alternate facilities have been compared from an engineering 
viewpoint during the work reported on herein. The limitation on kinds of IR 
facilities that should be considered for the early Shuttle era is mainly that of 
cost. Most are technically feasible; but wherever the design will require 
application of technology that has not been demonstrated, the cost estimate 
must include the projected cost of the technology development. Based on 

past experience, this can be very high. 

The initial and operational cost of a free- flying, large, cooled infrared 
telescope is seen as significantly higher than for the same size telescope in 
the sortie mode. This results partly because to take full advantage of the mis- 
sion, very long durations will be desired, and because greater reliability will 
be required during such missions. Also, the free-flying observatory cannot 
take advantage of Shuttle/Spacelab power, data handling, computation, point- 
ing, and other subsystems. These, therefore, must be specially designed or 
at least specially assembled and integrated from standard components. 

Some infrared astronomy objectives would benefit from the increased 
resolution that could be achieved by a very large (>3m) aperture telescope 
in space. A cooled telescope of this size will require mirror material 
development. Specially-processed beryllium is the most suitable material; 
but this processing technology has only been demonstrated, and the requisite 
tooling developed, for mirrors of up to 1.6-m diameter. 

A 3-m telescope with ambient temperature optics has also been 
suggested for the sortie mode (Ref. 1-7). Such a telescope would have 2 to 
3 times the resolving power of SIR TF, but much poorer sensitivity, especially 
in the important 5- to 30- pm band. 

For a telescope of this type, the mirrors could be made of one of the 
proven ceramics. However, unless some active means is developed to con- 
trol the thermal gradients in the mirrors, the very low thermal conductivity 
of such material will cause gradients that will give rise to excessive noise 
during spatial chopping. The weight of mirrors made from ceramic is also 
relatively high, and this begins to become a design driver that forces cost 
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up. The smaller SIRTF (1.2-m) cooled telescope, which will be 100 times 
more sensitive at most wavelengths, can be built for about the same cost as 
a 2.4-m ambient telescope. Some of the objectives that might be best satis- 
fied by a large ambient telescope will be accomplished by instruments planned 
for the focal plane of the Space Telescope (ST). Although the ST optics will 
not be cooled, it will be able to provide high resolving power and long inte- 
gration times. 

This study did not consider any other facilities; when the astronomers 
indicate an interest in pursuing advanced developments, it is assumed that 
NASA will direct such efforts. It is worthwhile to note that the 1.2-m diam- 
eter and 5. 1-m length arrived at for SIRTF could be compatible with carrying 
two telescopes in the Shuttle for simultaneous use as a long- baseline inter- 
ferometer; later missions of this sort could exceed the resolving power of 
a very large single telescope, without sacrificing sensitivity. 

1.4 PLANS 

Most of the areas covered by this study could be adequately investi- 
gated and defined with the information available. However, it is apparent 
that the Shuttle and Spacelab interfaces are still being developed and will 
continue to change for at least another year. NASA-Ames has therefore 
required that Hughes update the interfaces described herein as better infor- 
mation becomes available. The areas of most concern are the IPS, the 
command and data handling subsystem (including computation), multi-mission 
support equipment, and operations. The STS program is also generating 
more Information about payload acoustic and thermal environments and about 
on-orbit stabilization capability that may need to be factored into the pre- 
liminary design. 

One area of telescope design that NASA feels should receive additional 
attention is that of the image-motion-compensation control loop. Analysis 
will be performed and the results provided to NASA for inclusion in the 
VIP/SIR TF simulations at Ames and Stanford University 

As the results of the IRAS study become available, they will be 
reviewed to see if their proposed approaches (such as use of superfluid 
helium technology) should be traded off against the SIRTF baseline. 
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Besides the Shuttle /Spacelab interfaces, the area that most needs 
additional definition is that of the scientific instruments. NASA plans to 
obtain assistance from infrared scientists in this activity, and it is anticipated 
that it will result in a better definition of the internal interfaces of the SIRTF. 

1 . 5 ORGANIZATION OF THE REPORT 

Following this introduction. Section 2 of this report presents an over- 
all picture of SIRTF as a system: telescope, focal plane instruments, cryo- 
gen supply, and Shuttle and Spacelab support subsystems. Individual 
subsections deal with a brief definition of MIC instruments; mechanical and 
data interfaces with Spacelab and Shuttle; ground support equipment; and 
lists of required hardware, mass properties, power, and data requirements. 

Section 3 concentrates on the telescope and its performance, Optical 
performance analysis, optical engineering, and off-axis rejection are treated 
first. The second subsection describes the mechanical design and mechanical 
environment studies that were made. The thermal design and thermal model- 
ing are discussed next, followed by a description of the SIRTF internal sta- 
bilization subsystem and its interface with the IPS. The section closes with 
an evaluation of the expected performance in the Shuttle environment. 

Several major tradeoffs were conducted during the study. These are 
described in Section 4 and include the Gregorian versus Cassegrain telescope 
evaluation, aperture diameter tradeoff, CCD versus image dissector for the 
SIRTF star tracker, the large (2.4 to 3.0 m) ambient telescope versus 
SIRTF, and a dedicated gimbal versus IPS. 

Section 5 discusses SIRTF operations from integration through launch 
and recovery. Definitions of functions for the flight crew and an initial 
flight operations profile are presented. 

Section 6 presents the SIRTF development plan. Technology items 
required for development are discussed. Estimates of SIRTF procurement 
and program costs are presented, and the methods of deriving the costs and 
the inherent assumptions are described. 


During the course of the study, Hughes issued some 25 reports on a 
variety of subjects (e.g. , optical design, SIRTF stabilization). ' In some 
cases these reports have been incorporated into the text of the final report. 
Where additional detail is supplied in the individual reports, this fact is 
noted in the appropriate section of the final report. Copies of specific reports 
can be obtained by interested parties from NASA-Ames. 


A complete list is given in the Bibliography, at the end of this report. 
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2. SIRTF SYSTEM 


This section i>resents the SIRTF system concept and preliminary 
design as it was developed during the study. Section 2. 1 is an overview of 
the. system, identifying the major subsystems and their functions and the 
major system-level parameters. 

Section 2. 2 covers the mechanical aspects of the SIRTF system and 
its mechanical interfaces with Spacelab and the Shuttle. Mounting of the 
telescope, cryogen tanks, electrical power kits, and water storage tanks 
are dealt with. Tables defining major SIRTF subsystems and SIRTF - 
supporting Spacelab subsystems give location in the payload bay, dimensions, 
and mass properties. Shuttle center-of-gravity restrictions are shown to be 

met. 

Section 2. 3 deals with all aspects of command, control, and data 
handling. The instruments in the focal plane are the source of science data 
and are briefly described. SIRTF needs for data handling are derived. 

SIRTF command requirements are tabulated, and various modes of operation 
(automatic, semi-automatic, and manual) are described. The combined 
Spacelab -Shuttle command aud data management system is synthesized in a 
single block diagram. The section concludes with a block diagram showing 
the integration of SIRTF into the Spacelab /Shuttle system. 

Section 2.4 presents power requirements. Section 2. 5 provides a 
list of ground support equipment and describes the supercritical helium 
loading equipment. 
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Where reference is made in this report to "Requirements", these 
requirements have been tak“ n from NASA-Ames Specification 2-24483, 
"Performance Requirements for Space Shuttle Infrared Telescope Facility 
(SIRTF)", dated July 15, 1974. This document will be referred to herein as 
the "SIRTF Specification". Where a design criterion has been derived from 
these requirements, the derivation will be described, 

2. 1 SIRTF FACILITY 

Figure 2-1 shows a conceptual drawing of SIRTF in a 7 -day flight 
configuration. Compatible astronomy payloads, payloads of other disciplines, 
or free flyers can share the mission. For example, additional instruments 
mounted on the Small Instrument Pointing System (SIPS) might be involved in 
parallel measurements of sources. Another possibility is the use of a second 
IR telescope at the front of the bay to provide a 15-meter-baseline 
interferometer. 

The SIRTF telescope is mounted on the ESA -developed Instrument 
Pointing System (IPS), which in turn is mounted on a platform above the 
floor of the standard Spacelab pallet. This configuration allows SIRTF to 
utilize the full 60° half-angle cone capability of the IPS. Although the tele- 
scope itself is only 1.6m in diameter, the cryogen supply tanks mounted on 
the telescope and the requirement to rotate the telescope ±90® about its line 
of sight for polarization measurements results in utilization of almost 
the full 4. 6m (15 -foot) diameter of the payload bay, and produces inter- 
ference at the extreme angles. Use of the platform eliminates the need for 
raising the IPS after arrival in orbit. A special tie-down fixture to handle 
launch and re-entry loads will be required, in lieu of the standard IPS 
fixture. 

The telescope is equipped with a retractable sun shield to reduce 
scattered infrared radiation from the sun and earth which would otherwise 
reduce SIRTF sensitivity by increasing the background; the shield also 
reduces the heat load which must be absorbed by the cryogenic cooling sys- 
tem, and thus reduces the quantity of cryogen which must be carried. 
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Figure 2-1. Shuttle IR telescope facility. 


Two supercritical helium tanks, each of 1300 liters (45 cu It) capamty. 
ill provide sufficient cooling for missions up to 30 days; one tank wdl s - 
ce for 14-day and shorter missions. The current favored conftgura^Uon 
, mount the cryogen tanks on the telescope; this eliminates the 
ointing errors, and technical risks in transferring the cryogen from pallet 
“ tanks. The telescope will he covered and 

e-entry. The cover is mounted on a standard pallet, with fuel cell 

,ater storage kits also mounted on that pallet. „iesion 

Besides requiring a second cryogen tarnk. tbs ,30-day SIRTF mtsston 

vill require additional fuel cell reactant kits and water storage tanks as^^ 

shown conceptually in Figure 1-1. These kits will have a major e 

veight and center of gravity location. 
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Figure 2-2 is a top-level block diagram of the SIRTF system and 
related systems supplied by the Shuttle and Spacelab. The Multiple Instru- 
ment Chamber (MIC) is a unit which contains up to six infrared astronomical 
instruments such as single- or multiple -detector radiometers or photometers, 
polarimeters, grating spectrometers, and interferometer spectrometers. 

The MIC provides a separate mechanical, thermal and electrical integration 
structure for the instruments. These instruments will be supplied by infra- 
red astronomers, either built in university laboratories or built by industrial 
firms to astronomers' specification. A selector mirror near the focal plane 
of the SIRTF telescope will direct the beam into one of these instruments; 
when a given observation is completed, the same source can be observed 
with another instrument or the telescope can be slewed to observe a new 
source. For telescope testing purposes, a substitute MIC (SUBMIC) that 
has the same kinds of interfaces as the MIC but only contains a single 
detector array has been defined. 

The science data will be digitized in the MIC and transmitted through 
the ivsmote Acquisition Units to the Spacelab experiment computer for moni- 
toring and, if necessary, further processing. The data is then transferred 
to the Orbiter data system for selected display at the Payload Specialist's 
Station and transmission to the ground. It is expected that the Tracking and 
Data Relay Satellite System (TDRSS) will be used whenever available to pro- 
vide nearly continuous data transmission and occasional updating of command 
and control. Direct relay of data to the Orbiter Ground Station (OGS) is also 
available as a backup. Science data will be re -transmitted to the IR Astronomy 
Ground Station at Ames Research Center. 

Onboard data reduction and display to the payload specialist will pro- 
vide him with real-time evaluation of the status of the observations. The 
science data will be transmitted to the ground via TDRSS. During periods 
when the TDRSS is not available, the data must be stored temporarily. The 
expected science data generation rate during the early 19S0's ranges up to 
250 kilobits per second, and grows to 30 megabits per second in the post- 
1985 time frame. It thus remains within the Spacelab data rate capability 
of 50 megabits per second. 
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Figure 2-2. SIRTF and related Spacelab and Shuttle subsystems 
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The comma.nd system follows, in reverse direction, thi? same onboard 
path as the science data flow. Although it is expected that the observing 
program will be stored in the Spacelab experiment computer prior to flight, 
modifications and updating of the observing program can be made by the pay- 
load specialist on board or by the astronopaer s on the groimd working through 
the Shuttle command system. In addition to commanding the MIC instruments, 
the ground-based astronomers and the astronomer -astronaut will be able to 
command the IPS for pointing corrections, raster scans, etc. 

Table 2-1 lists the major SIRTF system parameters. Figure 2 -3A 
is an isometric of the SIRTF telescope, and Figures 2-3B and 2-3C are layout 
of the telescope. The telescope selected for the study is a Gregorian config- 
uration (discussed in more detail in Section 3); the aperture diameter was 
chosen to provide a collecting area equal to that of a 1 -meter diameter 
unobscured aperture. The telescope provides diffraction -limited (at 5 pm) 
performance over its full 15 arc minute diameter field of view for all position 
of the chop mirror. To provide high sensitivity observations of infrared 
sources, the telescope is cooled to between 12 “K and 30 ®K, depending on the 
needs of the specific experiment. 

Power consumption for SIRTF will be up to 3kW, as shown in 
Table 2-1. In addition to the items listed, power is required for Orbiter 
operation and for the mission-independent Spacelab functions. The SIRTF 
component category includes a maximum of 110 W for MIC instrument 
drives, and an allowance for science requirements not presently defined by 
the SIRTF Specification. 

SIRTF -peculiar mass totals 8, 836 to 19, 229 kg. In addition to the 
SIRTF telescope, Spacelab subsystems, EPS kits for Orbiter and Spacelab, 
water storage tanks, etc. , must be added. The total SIRTF -chargeable 
weight, including some ballast that may eventually not be required (see 
Sect. 2. 2. 1) for a 30 -day mission, is at the landing limit of 14, 500 kg; thus 
a combined attached payload is possible only for shorter missions. 


2-6 








r 'fr 


TABLE 2-1. SIRTF SYSTEM PARAMETERS 


Telescope 


Aperture diameter 

1. 16m 

Field of view diameter 

15 arc min 

Space chopping throw 

7. 5 arc min 

Re solution 

diffraction-limited at 
X = 5 pm (3. 5 arc 
sec dia) 

Temperature 

12 to 30°K 

Sensitivity (NEP) (10 pm band width) 
5 pm to 30 pm (1 arc min FOV) 

1 X 10"^^ W//hT 

5 pm to 30 pm (diffraction-limited 
FOV) 

1 X 10‘^® W/^/Hi~ 

30 pm to 200 pm (1 arc min FOV) 

1 X 10 W/^Hz 

Supercritical helium supply 


Open cycle (1300-liter tanks) 


7-14 day mission 

1 tank 

14-28 day mission 

2 tanks 

Data rate 

250 kbps 

Power consumption (total maximum) 

3 kW 

SIRTF components 

1 kW 

Spacelab electronics 

1 kW 

IPS 

1 kW 

Mass 


7-day mission 


Launch 

8,836 kg 

Landing 

7,912 kg 

30 -day mission 


Launch 

19, 229 kg 

Landing 

14, 494 kg 
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Figure 2-3A. SIRTF telescope (isometric view). 
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Figure 2-3B. SIRTF telescope layout (stowed sunshield). 




Figure 2-3C. SIRTF telescope layout (deployed sunshield). 

2.2 SIRTF/SPACELAB/SHUTTLE: MECHANICAL DEFINITION 

This section describes the SIRTF system, including those subsystems 
of Spacelab and the Shuttle that function as subsystems to SIRTF. Inter- 
faces among these subsystems are defined. Layouts of the SIRTF system 
elements in the payload bay are presented for both 7 -day and 30 -day mis- 
sions. General layouts of cables and cryogen lines are provided. A tabu- 
lation listing each SIRTF and Spacelab element and its location in the payload 
bay is given, as well as mass properties lists and center of gravity locations 
for launch and landing conditions for both 7- and 30 -day missions. 

2.2.1 Mechanical Interfaces 

In selecting a mounting position and orientation for SIRTF in the 
Orbiter cargo bay. a number of constraints and requirements had to be met. 

The major ones are; 

1. Keep within the Orbiter total load and c. g. limits. 

2. Use standard Spacelab pallets for mounting, and keep within the 
load and c. g. limits of the pallets. Pallets may be connected. 
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Use the IPS for telescope pointing, and keep within the load and 
c. g. 1 irh.it s of the IPS gimbal, 

4. Provide viewing over a 60® half-angle cone except in the region 
near the Orbiter tail. 

5. Allow for ±90® rotation of the telescope about the optical axis 
for polarization experiments. 

Of these, the first is a requirement for Shuttle safety, while the second and 
third are ground rules which were imposed on the study. The fourth and 
fifth can be relaxed as long as a large viewing solid angle is maintained. 
Reference 2-1 discusses the limitations imposed by use of the standard pallet 
and the advantages of dedicated pallets. Reference 2-2 discusses the design 
of a dedicated gimbal developed prior to the decision to baseline the IPS and 
is summarized in Section 4. 

Those items to be located in the Orbiter cargo bay are shown on 
Figures 2-4 and 2-5, for the 7-day and 30-day missions, respectively. 

Three pallets are needed to support SIRTF for both missions, but the 30-day 
mission requires two more pallet segments to mount the electric power kits 
required by the Shuttle. These segments, together with the Igloo, occupy 
almost the entire length of the cargo bay for the 30-day mission. There is 
a clear 1. 5m (5 ft) of cargo bay length, with an additional 0. 9m (3 ft) of 
length above the Igloo, available as a minimum at the forward end of the bay 
for EVA ingress/egress of the crew from the cabin air lock. 

The attachment points of the pallets to the Orbiter are all at 1. 5m 
(59 in.) pitch, or multiples thereof, and are at locations defined in 

Volume XIV (Reference 2-3), 

The arrangement of equipment on the pallets is such that; 

• Operational requirements are met. 

• Orbiter payload c. g. limitations are not violated. 

• Pallet load-carrying capabilities, to the extent that they are 
given in Reference 2-4, are not exceeded. 

• Orbiter/pallet structural attachment capabilities are not 
exceeded. 
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general arrangement of equipment. 




2-11 




half sect 0 0 


IGLOO 


EVA 

HATCH 


GN, ^RESSUAE 
SCrtTLE FOR 
WATER DUMP 


SCHEMATIC SHOWING 
TELESCOPE SUPPORT STRUCTURE 


STOWAGE 
FOR FUEL 
WATER 
(WATER O'. 
TO entry 


PAiJK tfLANK NOT 


IX)IJ)OUT fraate 


LOCATION FOR IPS 

CONTROL MOMENT GYROS INSIDE OUT 

4SINGLEGIMBAL27I2MNS GIMBAL v 
12000 FT LB SECI MOMENTUM 
IF REQUIRED 




'SINGLE PALLET SEGMENT > 
(STANDARD PALLET! 


SINGH PAt4.LL 

(STANDAvi^p 


GUIDE A LATCH MECH 
AT 6 PLACES ON . 

TELESCOPE , ^ 

/ 


NON LOAD CARRYING STEADY 
AT EACH OR 4 VERTICAL 
MEMBERS 





IPS 

INSIDE OUT 
GIMBAL V 


SINGLE PALLET SEGMENT 
(STANDARD PALLET! 


2 SEGMENT PALLET TRAI 
(STANDARD PALLETS) 


SINGLE pallet SEGMENT 
(STRENGTHENED PALLET! 


SEGMENT 

ALLET! 


^^LDOUT FRAMT^ 


E P S. FUEL KIT (7! 


SECT B B 


STORAGE tank (0! 

FOR FUEL CELL PRODUCED 
WATER 

(WATER DUMPED PRIOR 
TO ENTRY! 


SUPPORT STRUCTURE 
FOR TELESCOPE 
WHEN STOWED 


CRYOGEN 
TANK (2! 


BALLAST 
MOUNTED ON 
TELESCOPE 


TELESCOPE 

STOWED 


NON LOAD CARRYING 
STEADY AT EACH OF 
4 VERTICAL MEMBERS 


TELESCOPE 

SHADE 

RETRACTED 


TELESCOPE 

APERTURE 

COVER 







7 -Day Mission Arrangement 


Referring to Figure 2-4, the 7-day mission configuration uses three 
normal-duty pallets to mount the equipment. (These are the three center 
pallets, with some modification, of the 30 -day mission configuration. ) The 
pallets are shown occupying the same positions in the cargo bay for both 
missions, which provides telescope viewing commonality. K another payload 
is to be flown with SIRTF on the 7-day mission, the telescope can be 
relocated, and it can be stowed looking forward (as illustrated in Figure 2-1). 
The addition of another payload is also discussed in the section on Mass 
Properties (Section 2. 2. 2). 

The first pallet mounts the Instrument Pointing System. The gimbal 

is mounted on structure cibove the pallet to elevate the telescope as much as 

possible and thus improve its viewing capabilities. The Igloo and Forward 

Utility Bridge are mounted off the front of this pallet. Additionally, three 

storage tanks for fuel-cell-produced water are mounted off the front of this 

6 2 

pallet, above the Igloo. A 6 x 10 N/m (1000 psi) pressure gaseous nitrogen 
bottle of 0. 62 m (24 in) inside diameter, is mounted with the water tanks, for 
dumping accumulated water before entry. The vertical Igloo configuration, 
introduced too late for inclusion in this study, will necessitate some modifi- 
cation in the arrangement of water tanks. Provision is also made to mount 
four single-gimbal control moment gyros, of 2700 m-N-s (2000 ft -lb-sec) 
momentum each, sho;ild they be required for attitude control in place of the 
RCS, This pallet may be attached to the next two to form a three -pallet train 
if this proves easier for groiand checkout; however, it approaches the pallet 
load limitation for such a train. It is not mechanically necessary for the IPS 
to be mounted on the same pallet as the telescope since it is not rigidly 
connected to the telescope during launch and landing. 

Next, two normal duty pallets are connected to form a train which 
mounts the telescope assembly and its aperture cover. The cryogen tank 
is mounted on the telescope with its location determined by necessary 
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clearance from the pallet with the telescope stowed. The Spacelab Payload 
Accommodations Handbook (Reference 2-4) defines c. g, limitations for an 
IPS payload of 2000 kg (4409 lb), but quotes an IPS payload mass limitation 
of 3000 kg (6614 lb). SIRTF equipment to be supported by the IPS amounts 
to 2348 kg (5176 lb), including 176 kg (388 lb) oi‘ ballast, and is therefore 
within the mass limitation. The ballast is mounted on the telescope to bring 
the c. g. of that assembly to within limits. The limits adhered to are those 
for the 2000 kg mass, since none are quote?; for a larger mass. Another 
pallet-generated requirement which has been complied with is that the c. g. 
of a pallet payload should lie between the Z^=400 axis and 250mm (9. 8 in. ) 
above the pallet floor (Reference 2-4). It required 857 kg (1889 lb) of ballast 
located on the pallet floor to bring the c. g. of the items mounted on this pallet 
train to below the Z^=400 axis. The purpose of this requirement should be 
re-examined, since, as it is stated, even a very small payload mounted on a 
pallet above the Z^-400 axis required ballast to bring the combined c.g. 
within limits. 

There are many deployable/ stowable sortie payloads similar to the 
telescope that will be carried by the Or biter; therefore, it is assumed that a 
standard guide and latch mechanism will be designed and provided as GFE to 
hold such payloads, release them, and guide them in and out of the mounts. 
Hence, no design effort has been expended in this area. The supporting 
arms will have to be specially designed, however. The telescope aperture 
cover, with its retraction mechanism, is moiinted off the pallet floor and 
aligned with the telescope. The telescope cover is moxmted in a limited 
freedom gimbal to avoid loads due to flexing of the Orbiter that may cause 
misalignment of the pallets. 


'''Reference 2-5 states that the IPS limitations are based on loads on the 
clamps which hold the payload in the stowed position. These limita- 
tions in turn are based on assumptions about the load-carrying limita- 
tions of the pallet structure, which have not been defined yet. It is 
believed that the assumptions are conservative and that in all proba- 
bility, the ballast will not be required. 
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Generally, the telescope can be gimballed ±60“ from the vertical in 
any plane and can rotate ±90“ around its axis from a fixed position. In the 
Orbiter lateral plane there is adequate clearance from the fixed structure 
forming the side of the fuselage, but geometries of the cargo bay door hinges 
and remote manipulator system supports are not provided (Reference 2-3) 
and may represent a local reduction in telescope viewing capability. 

Two Orbiter standard EPS fuel cell kits are mounted under the cargo 
bay floor in addition to the two permanent kits. 

Five storage tanks, two for water and three for waste water, are 
located forward of the cargo bay. Also in that area is the additional equip- 
ment at the Payload Specialist Station. 

30-Day Mission Arrangement 

The 30-day mission requires five pallets, the center three of which 
are the same as the three for the 7 -day mission, with some modifications. 

The first pallet is a normal duty segment and mounts the storage tanks for 
fuel-cell produced water, together with a 2 x 10^ N/m^ (3000 psi) pressure 
gaseous nitrogen bottle, 0, 62 m (24 in, ) inside diameter, for dumping the 
accumulated water before entry. There are nine storage tanks, each 1 m 
(39 in. ) in diameter and sized to contain 477 kg (1050 lb) of water produced 
during the experiment operational phase of the mission. The Igloo is mounted 
off the front of the first pallet and contains such items as the star observation 
program, l/O units, and computers. The forward utility bridge routes 
services between the Spacelab and the Orbiter. 

The second pallet is the IPS movinting pallet, identical to that of the 
7 -day mission. 

The two-pallet train mounting the telescope assembly and the tele- 
scope aperture cover is the same as for the 7-day mission with the exception 
that two cryogen tanks, loaded to liquid helium density, are required for this 
mission. This affects the weight of ballast to be mounted on the telescope and, 
in turn, the weight of ballast mounted on the pallet floor. Support structures 
for the telescope and the aperture cover are unchanged. 
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The most aft pallet is a single- segment heavy duty tuiit that supports 
nearly double the standard pallet load. Seven Orbiter standard EPS fuel 
kits are mounted on this pallet. Since there probably will be many Orbiter 
payloads requiring these kits in varying quantities, it is assumed that a 
standard dedicated structure designed to support them will be available as a 
kit instead of the standard configuration pallet. Thus, the standard pallet 
weight has been used in the weight lists. 

Another five Orbiter standard EPS fuel cell kits are mounted under 
the cargo bay floor at locations defined in the JSC Mission Kit Summary 
(Reference 2-6). These are in addition to the two kits permanently located 
there, which are not chargeable to SIRTF, 

Five Orbiter standard waste storage tanks are located under the 
floor. These tanks are empty during ascent but contain waste during descent. 
Five additional storage tanks are located forward of the cargo bay, two for 
fresh water and three for waste water. Life support supplies for four men 
for 30 days are stored in the crew compartment. Additional equipment, 
such as video presentation and controls, are mounted in the aft flight deck. 

Cables and Cryogen Lines 

Figure 2-6 shows interfaces between the SIRTF and the Orbiter and 
the Spacelab. 

The helium system lines are shown dotted to make them easily dis- 
cernible. The entire flight system is checked out before installation in the 
Orbiter and then capped. After installation in the cargo bay, the fill and 
vent lines are hooked up to the T-4 panel. Flexible sections are provided in 
these lines to facilitate the hook-up. The caps are removed from the helium 
fill and vent lines at the T-4 panel, helium purge is initiated, and the lines 
connected to the cryogen GSE system. Helium loading is described in Sec^ 
tion 5. 9 and in References 2-7 and 2-8. When loaded, the lines are discon- 
nected from the GSE and the flight-half poppet valves and checked for leakage 
and internal disconnect. Sealing caps are then placed over the flight fill and 
vent lines and lock-wired. The effluent helium line, which discharges over- 
board, is mated to a thrust neutralizer, possibly through the T-0 panel. 
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The heavy, continuous lines show the wiring interfaces. Power 
electronics and data distribution boxes are located near the IPS gimbal. From 
these boxes, cables run to and from the Igloo and the crew cabin. These 
cables carry the following functions: 

• Power Distribution 

• Video to PS Star Map Display 

• Scientific Data to PS Console 

• Housekeeping Data to PS 

• Commands to Telescope, Drive, MIC, Water Tank Dump and, 
if carried, CMGs 

• Caution and Warning System 

m Emergency Controls 

GSE cables run from the power electronics box to the T-4 panel via a break- 
out box. 

2. 2. 2 System Definition and Requirements 

This section defines the SIRTF system described above by providing 
lists of equipment for the 7-day and 30-day missions including size, capacity, 
location, etc. The mass properties of the subsystems, and of the SIRTF 
system as a whole, are given. Power and data handling requirements are 
also given. 

SIRTF Hardware Lists 

Tables 2-2 and 2-3 define the SIRTF/Orbiter and SIRTF/Spacelab 
interfaces for both the 7-day and 30-day SIRTF missions. Sufficient details 
are incorporated in these tabulations to assure compatibility of SIRTF with 
the Space lab and Orbiter. 

Sources of the component characteristics used in the tabulations are 
included; where estimates were used due to lack of information, the respec- 
tive items are so identified. 
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Mass Properties 
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Tables 2-4A and 2-4B summarize the launch and landing weights, with 
their related centers-of-gravity positions, for the 7-day and 30-day missions. 
The weights- include all items which are weight-chargeable to the SIRTF 
mission. They are broken down into the pallet assemblies in the Orbiter 
cargo bay, the "under the cargo bay floor" installation, and the crew com- 
partment installation. The centers -of -gravity for launch and landing of each 
mission are within the acceptable limits for Orbiter payloads (JSC 07700 
Volume XIV Reference 2-3) and are sho\\-n graphically. 

With the 7 -day mission, volume and weight are available for a pay- 
load to be flown with SIRTF. The SIRTF can be positioned at various loca- 
tions in the payload bay. Companion sortie payloads must have landed 
weights less than 6600 kg (14, 535 lb). Assuming the c. g. of the additional 
payload to be at its midpoint, the combined c. g. of SIRTF and this payload 
falls within the allowable limits, as shown on the plot in Table 2-4A. There 

could be some limitation of the SIRTF telescope viewing due to its change in 
position. 

Since, in general, additional payloads will not be exactly 6600 kg mass 
and will not have their c. g. 's at their midpoints, each must be examined 
individually. Further, if the CMGs are not needed, the water tanks and 
pressure bottle can be stored on the IPS pallet. 

Tables 2-5 and 2-6 give further breakdown on the masses quoted in 
Tables 2-4A and 2-4B. The control moment gyros are an alternate to RCS 
control, and until a decision is made to use them, are not included as a 
baseline mass. The majority of items have given masses. It is assumed 
that appropriate contingencies have already been included in these masses. 
Table 2-7 provides detail on Spacelab subsystem masses. 

Where it was necessary to estimate masses for items not given, a 
10-percent contingency has been included. No contingencies have been 
added for water, cryogen, power storage and reactants. 
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11 1 R/L SPECIALIST (RS) PANEL 

12 2 TARE RECORDER 


2S4II 1040 9 

I32M $29 0 

132M $29 0 
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TABLE 2-3. 30-DAY MISSION: 
INTERFACE TABULATION 



LOCATION 

(ORIITER COORDINATESlI 1 

ENVIRONMENT 

(LOCATION) 

FUNCTION 

S-SIZE. OR C-CAFAQTY 
PER UNIT 

REMARKS 


V 


METRIC UNITS 

•RITISH UNin 

'mm 

IN. 

MM 


MM 


noteI'I 

1 

in72 

743 

0 

0 

till 

P 

F/L lAV 

MECHANICAL SUFFORT 

C:3SM KGI'I 

C:77M Lll'l 


7 


1(1 

0 

0 

nil 

19 

F/L lAV 

MECHANICAL SUFFORT 

C:3HI KG'>I 

C:77MLll'l 



2«I4I 

171 

0 

1 

nil 

19 

F/L lAV 

MECHANICAL SUFFORT 

cam Kci-l 

C:77H I lM 



27m 

tOM 

0 

1 

nil 

19 

F/L lAV 

MECHANICAL SUFFORT 

C:3HI KCl’l 

C:77HL|I^I 



mas 

1214 

1 

0 

nil 

mm 

F/L lAV 

MECHANICAL SUFFORT 

CiUNKGI’I 

C-13211 Lll'l 


ItruRE 

2UW 

1437 

0 

0 

nil 

la 

F/L lAV 

MECHANICAL SUFFORT 

- 

- 



1HM 


0 

1 

m 

341 

F/L lAV 

FROVIDE FRESSURIZEO VOLUME 

S:LMHCM: D-H CM 

S;L*74IN.; 0*37.4 IN. 


E 

1HM 

D 

1000 

03 

la 

349 

F/L lAV 

SERVICE DUCT 

- 

- 



2S222 


0 

0 

1M47 

431 

F/L lAV 

SCIENTIFIC OISERVATION 

S;L*50ICM; 0*174 CM 

t:L*200IN.: D-MIN. 

IsiZE WITHOUT SHADE. 

tOUMT 

2I2II 

nil 

0 

0 

10431 

41t 

P/L lAY 

EVACUATION/CALIIRATION/ 



[DATA FROM REF. 









CONTAMINATOR AVOIDANCE 




RE 

2M73 

1121 

0 

0 

•221 

313 

F/L lAV 

SUFFORT 

- 

• 



224M 

IS4 

0 

1 

10I40 

427 

F/L lAV 

TELESCOFE FOINTING 

C:300IKG 

CMOILI 

DATA FROM REF. 24 


23t2f 

121 

0 

0 

11112 

407 

F/L lAV 

IOC IFS CG CONSTRAINT 


- 



2MM 

1121 

0 

0 

1414 

334 

F/L lAV 

FALLETCG CONSTRAINT 

- 



(TURE 

24117 

17* 

0 

0 

0391 

370 

F/L lAY 

STOWED TELESCOFE SUFFORT 

C:234l KG 

C:5I72LI 

STRUCTURE DESIGNED 

1 

24H2 

171 

0 

0 

1779 

315 

F/L OAT 

TELESCOFE COOLING 

C:1.274M> 

C:46CF 

ELMS DESIGN DERIVATIVE 

jlROM/TO 


Hr 


-..a/ 



F/L lAV 

CRYOTANK LOADING 

S:12.7MMIO 

S:.5IN.IO 

VACUUM JACKETED 

llROM/TO 


tir 


-.oa/ 

mr 


F/L lAV 

CRYOTANK LOADING 

S:15.l MM 10 

S: 13 IN. ID 

VACUUM JACKETED 

FROM/TO 


TfK 


1M' 


Hi' 

F/L OAY 

OVERFRESSURE FROTECTION 

S:12.7MMIO 

S:.SIN.I0 

EXTERNALLY INSULATED 

^OM/TO 




<U 


Ht' 

F/L lAY 

OPERATIONAL REQUIREMENT 

S:12.7 MM 10 

S:.5IN.I0 

EXTERNALLY INSULATED 

‘I 

1H74 

747 

0 

0 

9004 

300 

F/L OAY 

CONTAMINATION AVOIDANCE 

C:477 KG 

C:1050LI 

SELECTED CAPACITY 

FROM/TO 

i!fir 


0 

% 

MW' 

HI' 

F/L OAY 

'IDUMPIEFORE RE ENTRY 

S:292 MM ID 

S:1.15IN.ID 



util 

71S 

0 

0 

10100 

400 

F/L lAY 

r TO REDUCE LANDING WEIGHT 

C:123M’ 

C:4.35 CF 

CHARGED TO ZMATMNj 

NT KIT 









h C:F£R KIT- 

C:FER KIT- 

1EA LHjALOjTANK 

WtLOPEl’l 



0 

0 

7120 

300 

•ELOWF/L OAY 

REACTANTS FOR EL. POWER 

1 41.1 KG LH2 

IZLILHj 


iilopeI'I 

i 

Q 

0 

0 

9474 

373 

F/L lAY 

REACTANTS FOR EL. POWER 

1 354.1 KG LO] 

i 

711 LI LOj 


lOE 

21411 

1040 

0 

1 


300 

IE LOW F/L lAY 

WASTE WATER STORAGE 

|c;74.9KG 

C:165LI 

RETEREKCE 2-5 


I32M 

S20 

0 

0 

7120 

300 

CAIIN. ORIITER 

PAYLOAD MEAS 1 CONTROL 

- 

- 

AS FOR PHASE 1 


132M 

520 

0 

0 

7020 

300 

CAOIN. ORIITER 

DATA STORAGE 

- 

- 

ADDED TO STD ORIITER 


- 

- 

- 

- 


- 

UTILITY TUNNELS 

DATA & COMMAND LINES 

- 

- 

- 


ict SOO K| (Itlt hi an pallat wlwk carriti tha Ifloa. 
Mari c( lacatiaa at caatM"*"**' **> paiau al Nnai. 


Iri eanfi|uritiaa 
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TABLE 2-4A. SIRTF MASS PROPER7TES: 7-DAY MISSION 


[PS pallet 

Telescope pallet train 
Equipment under cargo bay floor 
Orbitor aft flight deck 

Total/combined CG 

[.A.XDING 
IPS pallet 

Telescope pallet train 
Equipment under cargo bay floor 
Orbiter aft flight deck 

Total/combined CG 


Center of Gravity 
(Orbiter i.ocations) 


KG 

LB 

X 

Y 

/. 

2463 

5428 

843. 1 

0 

383 

4767 

10511 

1041.9 

2. 2 

389 

1449 

3194 

1046,3 

0 

300 

157 

346 

520 

0 

300 

8836 

19479 

968. 9 

*■ 1 . 

3 70 

2460 

5422 

843. I 

0 

383 

4612 

10169 

1044.4 

2. 2 

389 

683 

1506 

1005, 2 

0 

300 

157 

346 

520 

0 

300 

7912 

17443 

944. 5 

1.6 

375 


60 r SIRTF CG 
h AT LANDING 


CG OF SIRTF 
CHARGEABLE WEIGHTS 


^ LANDED CG WITH SIRTF 
^ FORWARD AND (VIAX WEIGHT 
ADDITIONAL PAYLOAD AFT 

■SIRTF CG 
AT LAUNCH 


0 20 40 60 

CARGO BAY LENGTH, FT 


TABLE 2-4B. SIRTF MASS PROPERTIES: 30-DAY MISSION 


' 

Mass 

Center of Gravity 
(Orbiter I.ocations) 


KG 

LB 

X 

y 

•/. 

t.AU.NCH 






Water storage pallet 

1995 

4397 

718.6 

0 

364 

IPS pallet 

1469 

3238 

875. 2 

0 

391 

Telescope pallet train 

5220 

11508 

1034.9 

0 

389 

EPS kit pallet 

5747 

12670 

1220 

-7.0 

403 

Equipnient under cargo bay floor 

3748 

8263 

1082 

6. 8 

300 

Orbiter aft flight deck 

1050 

2315 

520 

0 

300 

Total/combined CG 

19229 

423 n 

1024. 7 

0 

368 

i.ANDlNG 






Water storage pallet 

1980 

4366 

718. 5 

0 

364 

IP.S pallet 

1469 

3238 

875,2 

0 

391 

Telescope pallet train 

4886 

10772 

1039.5 

0 

388 

EPS kit pallet 

2975 

6359 

1216 

2. 3 

393 

Equipment under cargo bay floor 

2207 

4865 

1042.6 

0 

300 

Orbiter aft flight deck 

977 

2154 

520 

0 

300 

Total/combined CG 

14494 

31953 

966. 7 

0 

366 


CG OF SIRTF 
CHARGEABLE WEIGHTS 


_ -SIRTFCGAT / 
, _l 40 - LANDING \ 
a. . 

t 20 - 


■ SIRTF CG AT LAUNCH 


20 40 

CARGO BAY LENGTH, FT 
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TABLE 2-5. SIRTF MASS PROPERTIES: 
MISSION BASELINE MASSES 


7 -DAY 


IPS PALLET 

Instrument pointing 
system 

Gimbal support 
structure 

Water storage tanks (3) 
Pressurization 
Tanks support 
Igloo 

Forward utility bridge 
Pallet 

TELESCOPE PALLET 
TRAIN 

T elescope 
Telescope support 
structure 

Aperture cover assy 
Cover support 
structure 
Cryogen tank 
Plumbing 
Cryogen 

Ballast on telescope 
Ballast on pallet floor 
Pallet train (2) 

Pallets bridge 

EQUIPMENT UNDER 
CARGO BAY FLOOR 

EPS kit no , 1 
EPS kit no. 2 

ORBITER AFT FLIGHT 
DECK 


Total 

1. See Table 2-7 for'detail 


Mass Launched 

Mass 

Landed 


KG 

LB 

KG 

LB 

Notes 

(2463) 

( 5428) 

(2460) 

( 5421) 


750 

1653 

750 

1653 

1 

50 

no 

50 

no 

2 

154 

339 

154 

339 


48 

106 

45 

99 


22 

48 

22 

48 

2 

552 

1216 

552 

1216 

1 

218 

481 

218 

481 

3 

669 

1475 

669 

1475 

1 

(4767) 

(10511) 

(4613) 

•(10169) 


1392 

3069 

1392 

3069 


40 

88 

40 

88 

2 

585 

1290 

585 

1290 


35 

77 

35 

77 

2 

163 

359 

163 

359 


59 

130 

59 

130 


155 

342 





125 

276 

125 

276 

4 

858 

1892 

858 

1892 

4 

1341 

2957 

1341 

2957 

1 

14 

31 

14 

31 


(1449) 

( 3194) 

( 683) 

( 1506) 


709 

1563 

326 

719 

3 

740 

1631 

357 

787 

3 

( 157) 

( 346) 

( 157) 

( 346) 

1 

8836 

19479 

7912 

17434 



. These Items include 10 /o contingency since they are estimated weights 
All other hardware items are given weights and assumed to contain anv 
necessary contingencies. No contingencies are allowed for water ^ 
cryogen, power storage, and reactants. or water. 

Mas, Properties", Marshall Space Flight 

4, Spacelab Handbook (Ref 2-4) implies but does not share ballast require- 
ment. Note 2 also applies. 




TABLE ?-6. SIRTF MASS PROPERTIES; 

MISSION BASELINE MASSES 


30-DAY 


li 


I I 


1 I 

Li 


^ I 

ii 


i r 


n 




t 


Mass Launched 


Mass Landed 



KG 

LB 

KG 

LB 

WATER STORAGE 

(1995) 

(.4397) 

(1980) 

( 4365) 

PALLET 





Water storage tanks (9) 

461 

1016 

461 

1016 

Pressurization 

68 

150 

53 

117 

Tanks support 

35 

77 

35 

77 

Igloo 

552 

1216 

552 

1217 

Forward utility bridge 

218 

418 

218 

481 

Pallet and hard 

661 

1457 

66 1 

1457 

points (8) 





IPS PALLET 

(1469) 

( 3238) 

(1469) 

( 3238) 

Instrument pointing 

750 

1653 

750 

1653 

system 


no 

50 

no 

Gimbal support 

50 

structure 



669 

1475 

Pallet 

669 

1475 

TELESCOPE PALLET 

(5220) 

(11508) 

(4886) 

(10772) 

TRAIN 





Telescope 

1392 

3069 

1392 

3069 

Telescope support 

40 

88 

40 

88 

structure 




1290 

Aperture cover assy 

585 

1290 

585 

Cover support 

35 

77 

35 

77 

structure 




721 

Cryogen tanks (2) 

327 

721 

327 

Plumbing 

118 

260 

119 

262 

Cryogen 

335 

738 

— 


Ballast on telescope 

176 

388 

176 

388 

Ballast on pallet 

857 

1889 

857 

1889 

floor 




2957 

Pallet train (2) 

1341 

2957 

1341 

Pallets bridge 

14 

31 

14 

31 

EPS PALLET 

(5747) 

(12670) 

(2975) 

(6559) 

Fuel cell reactant 

5093 

11228 

2321 

5117 

kits (7) 




1442 

Pallet 

654 

1442 

654 

EQUIPMENT UNDER 

(3748) 

( 8263) 

(2207) 

( 4865) 

CARGO BAY FLOOR 





EPS kit no. 1 

709 

1563 

326 

719 

EPS kit no. 2-5 

2960 

6526 

1428 

3148 

Waste storage 

79 

174 

79 

174 

tanks (5) 




824 

Water 

— 

— 

374 

EQUIPMENT IN CREW 

(1050) 

( 2315) 

( 977) 

( 2154) 

COMPARTMENT 





Life support 

893 

1969 

820 

1808 

Orbiter aft flight deck 

157 

346 

157 

346 


19229 

43291 

14494 

31953 


Notes 


(See Notes Table 2-5) 


II. 
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TABLE 2-7. SPACELAB SUBSYSTEM MASS DETAIL 


Mass 



References 


INSTRUMENT POINTING SYSTEM 

Gimbal 

Drives 

Thermal 

Clamps 

Attitude measurement 
Power electronics 
Data electronics 
Contingency 

IGLOO 

Structure /subsystems 
Experiment computer 
I/O unit 

Display &; symbol generator 
Inverter 400 Hz 
Inverter 60 Hz 

OR BITER AFT FLIGHT DECK 

Basic installation 
High bit rate recorder 
Recording /communication 
control 
Time display 

PALLET (IPS MOUNT) 

Pallet 

Hard points (6) 

Experiment RAU's (2) 

Cold plat e / standoff 

PALLET TRAIN (TELESCOPE 
MOUNT) 

Pallets ( 2 ) 

Hard points (10) 

Pallet retention mechanism 



1308 

8 

25 


"IPS Presentation to NASA Headquarters" ESRO, 6 February 1976. 
"Spacelab Mass Properties Status Report, " ERNO, December 1975. 
"Spacelab Element Mass Properties, " Marshall Space Flight Center 
(no date, circa Oct, 197 5), 









i 



Regarding the 30-day mission, two mass reduction possibilities are 
(a) the reduction in the number of water storage tanks with the consequent 
elimination of one pallet and (b) a dedicated structure in place of a 
strengthened pallet to support fuel cell reactant kits in the Orbiter cargo 
bay. The necessity for predicted power level is discussed in Section 2 4 

2.3 SIRTF /SPACELAB/SHUTTLE; CONTROL AND DATA MANAGEMENT 

The control and data management functions for SIRTF rely heavily on 
the facilities provided by Spacelab and by the Shuttle as well as Shuttle sup- 
port systems (Tracking Data Relay Satellite, Payload Operations Control 
Center), This section defines the SIRTF command and data management 
requirements, and describes how Spacelab and Shuttle subsystems will be 
utilized. 

The SIRTF scientific data originates in the focal plane instruments 
located in the Multiple Instrument Chamber (MIC). These instruments 
(photometers, interferometers, spectrometers, etc. ) in general generate 
low-voltage analog signals which are amplified and converted to digital bit 
streams in a processor at the MIC. The first subsection below describes 
some typical MIC instruments. The following sections develop the command 
and data needs for SIRTF and particularly for the MIC, and explain how the 
Spacelab and Shuttle facilities will be utilized. 

2. 3. 1 MIC Instruments 

Preliminary design of MIC instruments was not a part of the SIRTF 
contract. Conceptual designs for five MIC instruments were developed by 
the SIRTF Science Accommodations Group and Ames personnel. They are 
briefly described here to give an idea of the types of instruments which 
will be used in SIRTF. 

The instruments covered include a grating spectrograph, photometer 
camera, lamellar grating interferometer, Michelson interferometer and a 
polarimeter. The nominal SIRTF complement is six instriiments. Of these, 
four or five will typically be photometers, and the other one or two will be 
spectrometers of one type or another. The photometers will cover a variety 
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of spectral bands and will vary in complexity from simple photometers with 
a few detector elements to arrays of several hundred elements. As both the 
knowledge of IR astronomy and detector technology matures, spectrometers 
will be used more widely, and the complexity of the photometer arrays will 
increase to the level of thousands of elements by utilizing charge-coupled 
device technology. 

Table 2-8 lists the major parameters which affect the SIRTF 
preliminary design. The data supplied by the SIRTSAG and Ames has been 
modified by Hughes as follows: 

• Detector heat load is not less than 0. 5 mW per detector element. 

• At least one electrical feedthrough per detector element is pro- 
vided. One is a minimum for transimpedanceamplifiers and 
two are required for best performance. 

• Standby heat load includes at least 0. 1 mW per electrical 
feedthrough at 10° — E0°K. 

The far right columns are an attempt to bound the requirements for SIRTF. 
Two cases are considered: the five instruments listed, and atypical 
complement of four photometers and two spectrometers. The values for 
detector heat load and number of electrical feedthroughs are somewhat 
higher than would actually occur, due to the fact that is unlikely that four 
photometer cameras of the high density type will be used on the same flight. 

Figures 2-7 and 2-8 show outline schematics of how the five instru- 
ments may be mounted in the MIC. Further definition of the instruments 
is required before more detailed preliminary design of the MIC can be 
undertaken. 

2. 3. 2 Command and Data Management 

This section is divided into three main subsections; science data, 
telescope control, and engineering design of control functions. Section 2. 3. 3 
deals with the Spacelab/Orbiter support capabilities according to the same 
categories. 
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TABLE 2-8. MIC INSTRUMENT SUMMARY 



Grating 

Spectrograph 

Photometer 
Came ra 

Lame 11a r 
Grating 

Intei'fc remoter 

Michelson 

Interferometer 

Polarimeter 

Totals 

Five 

Instruments 

Four 

Photometers 
and Two 
Spectrometers 

Stsic 

0. 5 X 0. 3 X 0. 1 

0x5x0. 3x0. 1 

0. 3 X 0. 3 X 1. 0 

0, 6 X 0. 4 X 0. 3- 

0. 1 X 0. 1 X 0. 1 



(meters) 








Weight 

20 

10 

10 

16 

4 

60 

76 

(kg) 








Power (watts at 300°K) 








Operating 

10 

10 

3 

110 

3 

3. 5 to 110 

3, 5 to 110 

Standby 

0. 1 

0. 1 

0. 1 

0. 1 

0. 1 



Heat Load (watts at 10-20°K) 








Operating 

0. 4 

0. 4 

0. 4 

0. 4 

0. 2 

0. 75 to 1.05 

1.4 to 1.6 

Standby 

0. 2 

0. 25 

0. 06 

0. 06 

0. 16 



Momentary 

1 

1 

— 

10 

1 

10 

10 

No. Detectors 

200 

256/36/36 

3 

25 

2 

- 

- 

Det. Temp. (°K) 

4 

4/1. 2/1. 2 

0. 1 

4 

4 

— 

— 

Dot. Heat Load (mW) 

100 

128/18/18 

2 

13 

2 

2 to 164 

2 to 164 

F eedthr oughs 








Mechanical 

3-4 

0 

1 

1 

3 

8-9 

6-7 

Electrical 

200 

328 

10 

60 

8 

600 

2500 

Optical 

0 

0 

0 

1 

0 

1 

1 

FOV 

< 1 

>5 

5 

5 

0. 33 - 2 

_ 

— 

(ax’C minute) 








Data Rate 

10 

25 

1 

25 

0. 1 

0. 1 to 25 

0. 1 to 25 

(KBPS) 








Special Calibration 

Blackbody 

Blackbody 

Blackbody 

Blackbody 

Blackbody 

- 

— 

Sources 

Spectral 


Spectral 

Spectral 




V enting 

No 

Yes 

Yes 

No 

No 

— 



-Plus 0, 2 X 0. 2 X 0. 3 outside MIC for a motor drive. 



INSTRUMENTS SHOWN: 

MICHELSON INTERFEROMETER 
10-200M CAMERA 

DIMENSION IN CM 


/CHOPPER MOTOR 


FOCAL PLANE 


STAR 

TRACKER 

VOLUME 

/ I \ 


^THERMAL ISOLATION 


.VA 


LINEAR S 
MOTOR J 


VACUUM WALL 


'ELECTRONICS 
& MECHANICAL 
ACTUATORS 


Figure Z-7. Schematic MIC layout: cross section. 





Figure 2-8, Schematic MIC layout: end view. 

2. 3.2.1 Science Data 

Science Data Generation Rates . Estimates of the science data 
magnitude for SIRTF are derived from three sources: (1) conceptual designs 
of instruments (based largely on current ground-based instrument designs); 
(2) data rates and focal plane densities of current and near-term conventional 
detector arrays; and (3) data rates and densities of charge-coupled device 
(CCD) focal planes that are currently under development and are expected to 
be readily available in the SIRTF time frame. 

The data rates are intended to be maximum realistic values, and are 
computed in order to evaluate the capabilities of the Spacelab/Orbiter data 
system as compared to SIRTF needs. It is recognized that most instruments 
will employ fewer detectors, lower data rates, and fewer quantization levels 
than the maximum values cited here. 




Table 2-9 summarizes the pertinent data based on the conceptual 
designs of five focal plane instruments described previously. It is immediately 
evident that the maximum rate is 25 kbps. (Only one instrument operates at 

a given time. ) 

Discrete detector types were selected for analysis, based on their 
being the most likely candidates in each of the broad spectral bands that are 
to be covered. The response times of the detector element and of the 
preamplifier circuit are listed in Table 2-10. Maximum data rates for 
each type of detector are, of course, limited by the slower of the two 
response times. The sample rate values are computed on the basis of six 
samples per cycle, which is needed to accurately reproduce pulse shapes for 

narrow pulse widths. 

In determining the data rate, the density of detectors in the focal 
plane must also be considered. For detectors in an advanced state of 
development (Ge:Hg, Si:As, Si:Sb, and Hg CdTe), arrays of hundreds of 
detectors will be available to SIRTF. The less advanced detectors will be 
limited to arrays of 10 to 100 unless very ambitious development programs 

are undertaken. 

The third factor in determining data rate is the number of quantiza- 
tion levels. Typically, infrared detectors have dynamic ranges of 10 or 
less, and the uniformity of response limits the measurement accuracy to the 
order of 5 percent. Logarithmic encoding^ requires 8 bits to obtain 2. 7 x 
10^ dynamic range or 9 bits for 7. 1 x 10 


TABLE 2-9. DATA RATE BASED ON SIRTF INSTRUMENTS 


Instrument 

Grating 

Spectrograph 

Photometer 

Camera 

Lamellar 

Grating 

Interfer- 

ometer 

Michels on 
Interfer- 
ometer 

Polarimeter 

Number of 

n 

200 

328 

3 

25 

2 

Detectors 






Data Rate 

10 

25 

1 

25 

0. 1 

(kbps) 









table 2-10. DATA RATE BASED ON SIRTF DETECTORS 


Detector 

Ge:Hg 

Si;As 

Si:Sb 

Ge;Ga 

HgCdTe 

InSb 

Si or Ge 
Bolometer 

Detector 
Response 
Time Constant 
(second) 

3 X 10"® 

4 X 10"® 

1. Ox lo” 

2 X 10"^ 

10 ^ to 10 

Circuit 
Response 
Time Constant 
(second) 

5x10"^ 

2 X lO"^ 

6 X 10"^^ 

«1 X 10"^ 

1 

o 

V 

V 

Sample _ ^ 

Rate (second 

1. 2 X 10^ 

)1 

5x10® 

6 X 10® 

5 X 10® 

4 

1x10 , 


Alternatively, in astronomical terms, using an 8-lJit word and 
logarithmic quantisation, the star amplitude can be quantised to 0.1 magni- 
tude (9 5 percent) over a range of 25 magnitudes, or to 0. 01 magnitude 
(0 93 percent) over a range of 2. 5 magnitudes. It appears that most experi- 
ments will be accommodated by these ranges of quantisation levels so that 

8 -bit data words will be sufficient. 

For highest sensitivity, a small region of space will be scanned 

repeatedly and the results co-added to lift signals out of the noise. When 
operating in this mode, the quantisation levels will be set lower than 
5 percent, but the maximum signal amplitude will be much less than the 
dynamic range of the detectors. Hence 8 bits appear to be adequate for 

quantization of most signals. 

The data rate is the product of the sample rate, number of detectors, 

and quantisation word length. For a 300-detector array of Ge:Hg detectors, 

the data rate is jitst under 3 Mbps. 

Charge-coupled devices are presently being developed incorporatog 

extrinsic silicon detector arrays. Based on results to date, high 

arrays can be expected to be available in the 1980’ s. A typrcal present-day 
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development chip contains an array of 32 x 32 (1024) detector elements, and 
is sampled at rates of 250 ksps (samples per second) to 2. 5Msps. Goals for 
dynamic range are 60 to 80 dB, so that an 11-bit word will be required to 
quantize signals to 0. 01 magnitude. If it is assumed that about ten chips are 
grouped in the focal plane, the data rate will be on the order of 3 x 10 bps. 

Table 2-11 summarizes the SIRTF data generation rates corresponding 

to the above discussion. 

Science Data Computing Requirements . The SIRTF operating concept 
calls for the Payload Specialist (or Mission Specialist) to monitor telescope 
performance and data quality so that adjustments in pointing, chopping char- 
acteristics. scan patterns, etc. may be made as the need arises. Among 
other things, this operating mode calls for routine reduction of the telescope 
output data in near real time. Where the data rates a're very high, reduction 

of samples of the data will be acceptable. 

Processing of scans from the Michelson interferometer was chosen 
as representing the highest on board computing requirements both in terms 
of memory and of operations. A 4096-point transform was selected as 
representing the largest output that might be processed on board the Shuttle; 
it provides e. g. , l/4 cm“^ resolution over the Bpm to 10pm band. Higher 
resolution scans can be processed on the ground. 

table 2-11. SUMMARY OF SIRTF SCIENCE DATA 
GENERATION RATES (kbps) 



Initial 

Configuration 

Post- 1985 

Required 

25 

250 

Maximum 

250 

30,000 
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The program requires approximately 400 l6-bit words of program 
storage and 12 , 300 32^bit words of data storage. The computation time is 

^flog^N 

where t is the computer time required to perform the operation 

A ± (B X C) 

where A and B are complex data and C is a complex number. Thus, the time 
required is Z. 5 x 10 "^t seconds; this should be comparable to the data 
acquisition rate, presumably on the order of 1 second. 

Science Data Transmission . SIRTF operating plans call for trans- 
mission of all data to the ground in unreduced form during flight. Methods 
for accomplishing the transmission will vary depending on the data rate of the 
experiment and the availability of TDRSS (Tracking Data Relay Satellite Sys- 
tem) and ground stations. Unreduced data will be stored on board between 
grotmd contacts. Assuming 80-85 percent contact time, the transmission 
data rates are essentially the same as the generation rates discussed above. 

An alternate approach, which was explored during the study, involved 
recording all data and retaining it on board until error-free receipt on the 
ground had been certified. This alternative was finally rejected for two 

_ 5 

reasons: (1) the specified TDRSS error rate is <1 x 10 so that the degree 
of contamination in transmission is very low; and (2) an additional tape 
recorder (not part of Spacelab equipment) would be required, with attendant 
substantial power and heat rejection requirements. 

2. 3. 2. 2 Telescope Control 

Overall control of SIRTF can be divided into three major categories; 
control of the SIRTF system, control of the IPS and its subsystems, and 
control of the SIRTF- related portions of the Spacelab Command and Data 
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Management System (CDMS). Table 2-12 lists the major command and 
control functions required to operate SIRTF and the IPS. While the list of 
Table 2-12 will grow as the SIRTF system is more fully defined, it appears 
that on the order of 10 to 20 on-off type commands will be required, and only 
a few kbps of discrete command capability will be required. The columns 
list the function controlled, the active component or subsystem, the compon- 
ent or subsystem that monitors the function, the nature of the control function 
(whether it occurs at a specific time, intermittently, or continuously), and 
finally the predominant mode of control: manual, automatic as part of the 
pre-programmed observation plan, or servo -controlled. 

In general, servo-controlled functions will be hardwired in the SIRTF 
system, and commands will not be transferred through the Spacelab CDMS, 

In contrast, the manual and observation program command and control will 
be exercised through the CDMS; commands will be transferred from the 
keyboard, dedicated controls, and/or Spacelab experiment computer via the 
experiment data bus to the experiment. The degree of operator involvement 
is defined at three levels: Automatic, Semi-automatic, and Manual. 

■Automatic . As the name implies, in the Automatic Mode SIRTF will 
gather data from a number of stars using a num.be r of instruments without 
operator intervention. An automatic observing sequence for SIRTF requires 
a Shuttle flight program (presumably also automatic) which is beyond the 
scope of the current study. However, the general procedure can be formu- 
lated: The crew will check that all Shuttle, Spacelab and SIRTF systems are 

ready to start the observing program. The pilot will initiate the Shuttle pre- 
programmed flight plan, the mission specialist will enable the Spacelab sub- 
systems, and the payload specialist will enable SIRTF. The Shuttle flight 
plan will orient the Shuttle and, upon verification of correct Shuttle orienta- 
tion, issue a proceed command to the Spacelab subsystem computer. The 
subsystem computer will excite a series of commands such as pointing the 
telescope using the IPS, and loading the data processing routine into the 


TABLE 2-12. SIRTF CONTROL FUNCTIONS 







Obacrvlng 

Servo 


Active Component 

Control Component 

Nature of Command/ControL 

Manual 

Program'*' 

Controlled 

Function 

or Subsystem 

or Subsystem 

System 



Power on/o£f 

SIRTF system 


Intermittent 

X 




Stable platform 

— 


X 




Gyros 

“ 


X 




Laser 

— 


X 




1st folding mirror 

— 


X 




2nd folding mirror 

— ■ 


X 




MIC selector 

— 


X 




Instruments 

- 


X 




Data processor 

— 


X 




CCD star tracker 

— 


X 




IPS 

- 


X 



Cover remcTval/ 

Cover drive 

Position transducers 

Beginning and end of flight 

X 



replacement 


Cover engaged 
Cover fully retracted 





£ngage/dlsengage 

IPS 

IPS transducers 

Beginning and end of flight 

X 



SIRTF-IPS 







Engage /disengage 

IPS 

IPS transducers 

Beginning and end of flight 

. X 



damps 






Sunshade deployr/stow 

Sunshade drive 

Position transducers 

Beginning and end of flight 

X 





Sunshade retracted 

Interlock with IPS to prevent 



X 



Sunshade deployed 

damage to sunihadc/Orbiter 




SIRTF temperature 

Cryogenic flow 

Temperature transducers 

Temperature select - Intermittent 


X 


control 

orifices 

Telescope 

MIC 

Flow control - continuous 



X 

Cryogen. supply 

Cryotank heater 

Temperature and pres- 

Continuous 



X 


Cryotank vent 

sure transducers in 
tank 





Focus 

1 (,t folding mirror 

Four detectors 

Intermittent 

X 



Initial coarse pointing 

IPS torquors 

(1) IPS resolvers 

Select angle intermittent 


X 


and stabilization 


(2) IPS WFOV star 

Pointing — continuous 



X 



tracker 






(3) IPS NFOV star 







tracker 





Fine pointing - bright 

2nd folding mirror 

CCD star tracker 

Select angle — intermittent 


X 


star 



Pointing continuous 



X 

Fine pointing — dim 

Stabilized laser 

CCD star tracker 

Star identification ~ intermittent 


X 


star 

2nd folding mirror 


Pointing — continuous 



X 

Sequential coarse point- 

IPS torquers 

IPS gyros 

Select angle ~ intermittent 


X 


Ing and Stabilization 


Pointing — continuous 



X 

Instrument selection 

MIC selector mirror 

Position transducer 

Intermittent 


X 


Instrument controls 

Instrument 

Various 

Continuous / inte rmlttent 

X 

X 

X 

Calibration 

Calibration source 

Cal source electronics 

Intermittent: select filter, pulse 


X 





height, width 




Space chopping 

2nd folding mirror 

CCD star tracker 

Select axis, waveform, throw, 


X 



Stabilized laser 


frequency 
Control Mirror 



X 

Scanning: large field 

IPS 

CCD star tracker/gyros 

Select step size, rate 
Control 


X 

X 

Scanning: small field 

2nd folding mirror 

CCD star tracker 

Select step size, rate 


X 



Stabilized laser 


Control 



X 

Avoid pointing at Sun* 

IPS 

Computer 

Continuous 


X 


Moon, Earth 

SIRTF BOS*« 

BOS 

Intermittent 



X 

Water storage/dump 

Bladder /be Hows 

Cage 

intermittent 

X 



Cryogen purge 

Cryotank vent 

T&P transducers in ^snk 

End of flight 

X 



I *Observtng program may be overridden at any time by commands from the PSS/MSS keyboards or dedicated controls. 



1 vx^BOS: Bright Object Sensor 








experiment computer. The subsystem computer will issue a proceed command 
to the experiment computer, and the experiment computer will command 
functions such as: orient the MIC selector mirror to the proper focal 
plane instrument, acquire and track guide star(s) in the focal plane star 
tracker, and initiate space chopping at the programmed amplitude and frequency. 
When all three computers indicate that their subsystems are ready, data- 
taking starts. Data-taking is terminated after a fixed period of time or when 
the star can no longer be tracked due to its proximity to the earth' s horizon. 

If the same target is to be measured with a second focal plane instrument, 
the subsystem and experiment computers make the appropriate changes and 
data-taking is resumed. If a new target is to be acquired, the Shuttle 
orientation is changed as necessary and the subsystem and experiment com- 
puters make the necessary changes. This mode continues until the pre- 
planned program is complete or is terminated by operator intervention. 

The steps involved in control of the telescope are as follows for the 

Automatic Mode Sequence: 

1. Obtain next star and initiate pointing logic 

2. Load program for first instrument data processing 

3 Wait for "bad transmission" recovery logic to be completed 

4. Output star identification 

5. Send instrument selection command to the MIC selector 

6. Load timer for observation 

7. Initiate data acquisition; select data format for CRT display 

8. Transfer control to instrument data processing; data collection 
continues to the end of the specified time period 

9. Stop data acquisition 

10 If more instruments are to be used on this star observation, 

program for next instrument data processing. Repeat steps 5-10 
for each instrument 

11. Initiate "bad data transmission" recovery logic 

12. Loop back to step 1. 
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Semi-automatic. The operator (Payload Specialist or operator at the 
POCC) initiates the pointing to the next star on the star list. The operator 
verifies the correct pointing of the telescope; he may modify the pointing angle 
with a console joystick. The program collects data from each specified 
instrument for the current star. Several options exist for division of duties. 
One potential Semi-automatic Mode Sequence is* 

1. When operator is ready to commence next observation, he com- 
mands the computer to do steps 1-5 of Automatic sequence. 

2. When operator has verified correct pointing of telescope, he 
commands the computer to do steps 6-11 of Automatic sequence. 

3. Loop back to step 1. 

Manual. The Payload Specialist or POCC operator inputs the angular 
coordinates to which the telescope is to be pointed. The program points the 
telescope. The operator verifies (and may modify with the joystick) the 
pointing angle. The operator selects the instrument. The program collects 
the data. 

The Manual Mode Sequence is: 

1. The operator inputs the angular coordinates of the star through 
the keyboard. 

2. The computer initiates abbreviated pointing logic. 

3. The computer waits for "bad data transmission" logic to terminate. 

4. The computer informs the operator that the pointing is complete. 

5. The operator verifies correct pointing. 

6. The operator requests instrument and time. 

7. The computer loads data processing program for specified 
instrument. 


8 . 


The computer executes steps 4-9 of Automatic Mode sequence. 
Return to step 6 or continue. 

9. Initiate "bad data transmission" recovery logic. 

10. Return to step 1. 

2. 3.2, 3 Engineering Design of Control Functions 

Further definition of the functions used in the Modes described in 
Section 2. 3. 2. 2 are contained herein. The functions are grouped by type: 
time -driven functions, cyclic functions, and event-driven functions. The 
program and data memory estimates for each function are given in Table 
2-13. The estimates are based on the parameters discussed here, and on 
experience in the design and development of similar control systems. 

Time -Driv en Functions . Some functions will be invoked periodically 
(i, e, , as a function of time). These functions are described below. 

Status Input and Update 

Frequency: Twice per second 

Read housekeeping status signals 
Update display on status panel 

Object Avoidance 
Frequency: Once per second 

Compute position of sun, moon, and earth with respect to the 
telescope (assume sun and moon scribe circular planar orbits 
around the earth) 

If not in telescope pointing process; 

— read angle of telescope 

If telescope is pointing into an avoidance area: 

— break lock 

’ — drive telescope away from area 

— inform system 

— inform operator 
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TABLE 2-13. MEMORY REQUIREMENTS ESTIMATES 



Program and Data 
Memory (number of 
16 -bit words) 

Automatic Mode Sequence 
Semi-Automatic Mode Sequence 
Manual Mode Sequence 

800 

Status Input and Update 

250 

Object Avoidance 

500 

Obtain Next Star ; 

200 

Pointing Process 


Coordinate Conversion 
Pattern Matching 
Other Functions 

200 
1, 500 
600 

Instrument Data Processing (Fast Fourier 
Transform) 


Program Memory- 

Data Memory (12,300 32-bit Words) 

400 

24,600 

Instrument Data Processing for 
Additional (Undefined) Experiments 

2,500 

Bad Transmission Recovery Logic 

400 

Data Acquisition/Distribution 

400 

Data Recording 

400 

Bad Record Message Receiver 

200 

Display Formatter 

1,500 

Operator Interface Routine 

750 

New Star Routine 

500 

Inter- Computer Communication Control 

350 

Diagnostic Processor 

500 

Total 

36,550 
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If telescope is pointing near an avoidance area: 

— inform operator 

(If the system is in the telescope pointing process, the pointing 
logic assumes the object avoidance task.) 

It is assumed that the IPS logic contains provision for avoiding 
contact with the Orbiter structure, backed up by limit sensors. 

Cyclic Functions. These functions are invoked during the process of 
sequencing through any of the three operational modes. The next star to be 
observed is obtained from the preloaded observing program, or the POCC 
operator or Payload Specialist queue. A data set for an observation includes 
the following star data; 

1. Angular coordinates of the IR LOS. 21 bits each will specify 
coordinates to units of arc seconds. 

2. Magnitude of star on IR LOS, or 

3. Offset of guide star LOS from IR star LOS, A angular coordinate 
units of arc seconds. This will require 10 bits each (FOV is 

15 arc minutes). 

4. Angular coordinates and magnitudes of up to 12 visual stars 
(four for each IPS star sensor) for pattern matching. 

5. Angular coordinates and magnitudes of up to four stars for CCD 
star tracker pattern matching. The angular coordinates can be 
expressed as A angles from the IR LOS. 

6. An ordered list of instruments to be used for the observation, 
associated time that instrument is to be used, and instrument 
parameters (ii any) for the observation. 

The cyclic functions are listed and described below: 

Point Telescope 
Input: 

1. Position in ECI (earth-centered inertial — probably right 
ascension and declination) coordinate system and magnitude of 
three stars. 

2. Star map consisting of four stars for each FOV (position and 
magnitude) for pattern matching. 

3. Orbiter state vector containing at least angles of rotation 
between Orbiter and ECI coordinate systems. 

4. Time -GMT 
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Functions; 


1. Convert star coordinates from ECI to Orbiter coordinate system. 
The pointing process is sufficiently rapid that change of the point- 
ing process will not introduce a significant error, 

Z, Determine if final position of telescope is in an avoidance area; 
if so, abort the pointing process, 

3, Compute telescope slew path and determine if it will intercept an 
avoidance area; if so, develop a new slew path. 

4, Compute vector between two CCD sensor guide stars. From 
this, compute roll angle (p) of telescope, 

5, Output angular position of IPS star track lines of sight a.nd guide 
stars to the IPS and wait for response of IPS in angle. 

6, If a multi-segment slew path, repeat step 5 for all remaining 
segments. 

7, Output magnitudes of guide stars to IPS and wait for confirmation 
of acquisition, 

8, If IPS reports no acquisition, abort pointing process, 

9, Perform pattern matching on visual CCD guide stars (if required): 

— acquire CCD sensor FOV 

— determine if correct star is on LOS; if not, compute angles, 

— output new angular positions, and repeat from step 7. 

10. Output magnitude of telescope LOS IR star and wait for confirma- 
tion of acquisition, 

11. If CCD star tracker reports no acquisition, abort pointing process 
and signal operator, 

12. Send track command to CCD star tracker electronics. 

13. Report successful lock to payload specialist's station. 

Output: 

1, Notification that the telescope is locked onto the specified star, 
or 

2. An indication that the telescope cannot lock onto the star because; 

— star too close to a warm object (avoidance area), 

— the telescope cannot acquire the guide stars, or 
-- the pattern matching process was not successful. 
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Section 3, 5, 2 (page 3-132) and Table 3-24 (page 3-133) provide additional 
material on the pointing process. 

Load Program. The preloaded observing program also contains 
the list of instruments to be used and how long (time) they are to be used for 
this star. 

The operating system is requested to load the data processing 
program for the instrument, and appropriate instrument and/or data 
processing parameters. The identification of the current instrument is 
placed in memory for use by the data transmission logic. 

Output Star ID. A short record that identifies the current star 
under observation is output. This record contains: 

— star coordinates in ECI 

— GMT 

— attitude of Orbiter 

— pointing angles of telescope 

Initiate Data Acquisition . The operating system is requested 
to read data from the MIC in blocks. The acquisition of a data block causes 
the Instrument Data Processing function to be scheduled. The data is 
simultaneously transmitted to the ground or read onto magnetic tape. 

Instrument Data Processing. The example function for study 
purposes is the Fast Fourier Transform (FFT). The time required to do an 
FFT is given by 


rf log^ N 

where T is the computer time required to do 


A ± (BXC) (A and B are complex data and C is a complex number) 
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Assuming a 4096-word input as described earlier, the program requires 
approximately 400 (16 bit) words of program storage and 12300 (32 bit) words 
of data storage. 

Further discussion on Instrument Data Processing is found in the 
section on Event Driven Functions below. 

Bad Transmission Recovery Logic (BTRL). Normal operational 
mode is to transmit data to the ground in real time using TDRSS. During 
TDRSS outages, the data will be recorded on magnetic tape, and transmitted 
during the next ground contact. 

During or following transmission, the ground sends up messages 
indicating the records that were received in error. The record numbers 
are stored and the BTRL sequences through the list of bad records and 
retransmits (from the tape) the requested records. This process continues 
until all records are received with sufficiently low error. 

Event Driven Functions . The following functions are invoked by the 
occurrence of some event, usually the presence of data. 

Fine Acquisition. Upon initial acquisition of the IR star by the 
selected MIC instrument, the computer commands the stabilization mirror 
to execute a small amplitude dither about its nominal position until the 
instrument output is maximized. When the maximum is found, signals are 
transmitted to the SIRTF star tracker to establish this po'iition as the 
guiding position for this observation. 

Data Acquisition/Distribution . When the operating system has 
acquired a block of data fr:.m the MIC, the Data Acquisition/Distribution 
function is invoked. 


The Data Acqutsitlon/Distr ibution function distributes the data to the 
Instrument Data Processing function, and also to the Data Recording func- 
tion, The recorded data includes an identification header (instrument name, 
parameters, time). 

Instrument Data Processing . The instrument data processing is 
invoked by the occurrence of a 51Z—word data block. The processing is 
divided into two parts, viz., data collection and data processing. 

Data Collection . A number, n, of data blocks are collected. If 
n is greater than 1, the data blocks are written in mass storage. When n 
data blocks have been collected, the data processing part is invoked (for the 
Michelson Interferometer, n is 8). 

Data Processing . The n data blocks are input from mass store, 
and the processing function ensues. The output of the processing function is 
sent to the Display Formatter in the Orbiter computer. 

Bad Record Message Receiver . The Bad Record Message 
Receiver receives messages from the ground and stores these messages for 
the Bad Data Transmission Recovery Logic. These messages contain 
record numbers of those records which were not received correctly on the 
ground. 

Display Formatter, The Display Formatter receives data from 
the Instrument Data Processing function and builds the appropriate display(s) 
in the computer m.emory. The Display Formatter will be instrument 
dependent. 

Operator Interface Routine. The Operator Interface Processor 
is invoked when the Payload Specialist or POCC operator inserts a command 
on the computer keyboard. 

Typical commands that are available and their functions are listed in 
Table 2-14. 
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Command 
Di (i=l,n) 

Si (i=l,n) 
SI 

SS 

su 

CO 

SN 

RS 


TABLE 2-14. TYPICAL OPERATOR COMMANDS 

Function 

Causes the ith data display for the current instrument 
to be displayed. 

Causes the ith status display to be displayed. 

Causes the program to stop acquiring data from the 
current instrument and to sequence to the next instru- 
ment for the current star. 

Causes the program to stop the observation of the 
current star and to sequence to the next star on 
the ground /airborne operator queue or the preloaded 
observing program. 

Causes the program to go to a suspended state at the 
end of the current star observation, i.e. , further 
star observations are not commanded. 

Causes the program to continue execution in the 
current mode. 

Causes the program to read the contents of the CRT 
screen. 

Causes the program to restart at step 1 of the current 
mode. 

Causes the boilerplate format for new star entry to 
be displayed. 


NS 







In addition to these keyboard commands, the operator has three 
function keys which define the three modes (automatic, semi-automatic, 
manual). There is also a suspended state light. When the software is in a 
suspended state, the operator may activate the program by entering either a 
continue, CO, or restart, RS, command. In addition there is a red emer- 
gency halt button which stops all software processing, including object 
avoidance. The suggested display formats are shown in Figures 2-9 through 
2-13. 

New Star Routine . The New Star Routine is invoked when the 
Payload Specialist enters a new star observation request or a new star 
observation is commanded by the POCC. 

If pattern matching is requested, a request for star maps is sent to 
the computer mass memory or to the POCC. 

The information from the display is built into a format similar to the 
preloaded star list and placed in the queue. 



THE CENTER OF THE DISPLAY IS THE IR LOS. THE VISIBLE 
STARS AS SEEN BY THE TELESCOPE ARE SYMBOLICALLY 
DISPLAYED BY CIRCLES; THE SIZE OF THE CIRCLE INDICATES 
THE VISIBLE MAGNITUDE. THE KNOWN STARS - EXPECTED 
FOV - ARE SYMBOLICALLY DISPLAYED BY SQUARES; THE 
SIZE OF THE SQUARE INDICATES THE KNOWN MAGNITUDE. 


Figure 2-9. IR field of view. 



GMT ODD HH MM SS MT DD HH MM SS 



EXPERIMENT DATA DISPLAY IS ON THE CRT WHICH IS CONNECTED 
TO THE ORBITER COMPUTER. 

Figure 2-10. Data 1 display for the 
Michelson interferometer. 


GMT DDD HH MM SS 


MT DD HH MM SS 


Ml NUMBERS 

FREQ ENGY/F FREQ ENGY/F FREQ ENGY/F 
10 5 - - - 

20 100 - - - 

30 20 - 

40 0 

50 300 


Figure 2-11. Data 2 d: “ ‘ for the 
Michelson interfir - er. 


GMT DDD HH MM SS 

MT DD HH MM SS 

STATUS 1 


INSTRUMENT MICHELSON INT 


TELESCOPE ORIENTATION 0 123 

P 456 P 789 

ECl (V HH MM SS 6 DD MM SS 

CRYOGEN PRESSURE IN TELESCOPE PP PSI 

TEMPERATURE IN TELESCOPE 


PRIMARY MIRROR 

TT °K 

1ST FOLDING MIRRCR 

UU °K 

MIC SELECTOR 

VV °K 

INSTRUMENT 

WW °K 

INTERFEROMETER PARAMETERS 


DISPLACEMENT 

MM mm 

RATE 

. • 

« 

• 

• 

RR mm/sec 

1 (OPERATOR COMMAND LINE) 


Figure 2-12. Status 1 display. 


GMT DDD 
NEW STAR 

HH MM SS 

MT DDHHMM SS 

IR LOS 

a 5 

PATTERN MATCH (y/n) 

MAGNITUDE 

VISUAL 

OFFSET Aa 

AS 

LOS 

a 6 

MAGNITUDE 


a 

PAHERN MATCH (y/n) 

MAGNITUDE 

INSTRUMENTS 


NAME 

DURATION (MMSS) 


Ml 

230 


— 

- 


— 

- 


— 

- 


— 

- 


— 

(OPERATOR COMMAND LINE) 

— 


IF A PATTERN MATCH IS REQUESTED, A STAR MAP (S) IS 
REQUESTED FROM THE ON-BOARD MEMORY OR FROM THE 
GROUND. THE NEW STAR IS NOT PLACED ON THE GROUND/ 
AIRBORNE OPERATOR QUEUE UNTIL THE STAR MAP (S) HAVE 
BEEN RECEIVED. 

Figure 2-13. New star standard format. 
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POCC Telemetry Receiver . The POCC Telemetry Receiver is 
invoked when a message is received from the ground. The message may 
command any function commandable by the payload specialists, except fine 
pointing, because the data transmission lag will make fine pointing very dif- 
ficult from the ground. 

The correct (or incorrect) receipt of the message is acknowledged. 
The message type is decoded and sent to the appropriate processor. 

2.3.3 Spacelab/Shuttle Command and Data Manage ment 

This section and the one which follows discuss the planned methods 
for utilizing the Spacelab Command and Data Management System and the 
Orbiter Avionics System to perform the command and data support functions. 
Supplementary equipment which will be required is identified. 

Because a combined Spacelab-Orbiter avionics system has not yet 
been defined in the various payload accommodation documents, a block dia- 
gram of the combined system as developed from material in References 2-3 
and 2-4 is presented first. Uncertainties and/or apparent inconsistencies 
which affect SIRTF support functions are identified. Section 2. 3.4 describes 
the way the support functions will be allocated among the Spacelab and 
Orbiter equipment, and evaluates the adequacy of the subsystem for the 
assigned tasks. 

Spacelab-Orbiter A vionics 

Figure 2-14 is a block diagram of the combined avionics systems of 
the Orbiter and Spacelab. The portion to the right of the Attached Payload 
Interfaces block is based on Figure 4-23 of Reference 2-4, with added details 
taken from other parts of Section 4.4. The portion to the left of the Attached 
Payload Interfaces block Is based on Figure 14-2 of Reference 2-3, with 
added details taken from other parts of Section 14. The two exceptions are 
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the MSS PCM recorder controls and MODS, which are Orbiter equipment 
but are located In the aft flight deck. Some Items from the Orbiter block 
diagram which do not relate directly to SIRTF or IPS operation have been 
omitted In order to avoid unnecessary complication. The command portion 
of the system will be explained first, then the data retrieval portion. 

Commands 

Commands originate at the Spacelab keyboard, at the Orbiter MCDS, 
or at the POCC. POCC -Initiated commands are transmitted up through the 
S-band PM link or the Ku-band relay. Commands from the Spacelab key- 
boards feed directly to the Spacelab experiment computer through the I/O 
unit, and then out on the experiment data bus to the experiment RAU. The 
command lines leaving the RAUs are connected to the appropriate Inputs on 
experiments and Spacelab subsystems. 

Commands originating at the MCDS, which Is the Orbiter command 
and display unit, are fed to the Orbiter general purpose computer, and then 
to the modulator -demodulator (MDM). Discrete commands pass directly to 
the Attached Payload Interface; serial commands are fed to the Payload Sig- 
nal Processor prior to transfer to the Attached Payload Interface. It Is 
assumed (not specifically stated In References E-3 or 2-4) that these com- 
mands enter the Spacelab avionics system on the Telecommand line, which 
feeds them to the experiment I/O unit (Reference 2-4, page 4-42, not shown 
on Figure 4-23) and hence to the experiment along the same route as the 
keyboard-originated commands. 

It Is not clear from either reference whether one of the two control 
keyboards will be at the Payload Specialists Station and the other at the Mis- 
sion Specialists Station, or whether It Is Inteixded to have redundant keyboards. 

Commands originating from the ground are transmitted via the S-band 
PM system to the Network Signal Processor, MDM, Payload Signal Proces- 
sor, and finally the Telecommand line In Spacelab. The Ku-band system can 
also receive the 9 kbps command data (when the S-band system Is powered 
down). It feeds the command to the Network Signal Processor and from 
there the commands proceed along the same route as S-band -received 
commands. 
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In addition, the Ku-band system can supply data to the payload 
directly at a rate of up to 1 Mbps. It is assumed that this data also enters 
the Spacelab avionics system on the Telecommand line. This facility will 
be used to provide updated or revised observing programs. 

In addition to direct on-board or ground operator control, the experi- 
ment can be commanded by programs stored in the Spacelab mass memory. 
Commands enter the experiment computer through the I/O unit and are 
transferred to the experiment along the experiment data bus. Due to the 
fact that the portion of the mass memory which can be assigned to experi- 
ments is TBD in Reference 2-4, the size of the observing program which 
can be stored and the frequency of observing program update required cannot 
be estimated. 

The command modes that have been described for the experiment are 
also used for the Spacelab subsystem, notably the IPS. There is a separate 
computer I/O unit, and one or more RAUs for the subsystem. All other 
equipment is used in common with the experiment. The function of the Data 
Acquisition Subsystem located on the aft flight deck is not defined in 
Reference 2-4. 

Data 

Orbiter state vector, target state vector, time, and standard fre- 
quencies are fed to the Spacelab subsystems and experiments as needed on 
the state vector and clock lines. How the clock lines tie into the experiments 
is not defined at this time. 

Data generated by experiments is separated into two general categories: 
science data, and engineering data. According to Reference 2-3, Page 10-5, 
engineering data facilities not required for engineering data can be used for 
science data transmission and processing. 

Engineering data is collected through the RAU, and transferred on the 
subsystem or experiment data bus to the I/O units of the respective computers, 
and to the Telemetry interface. It is assumed that the Telemetry interface 
ties into the Orbiter 64 kbps engineering data lines, one {or more) lines for 
the Spacelab subsystems, and a separate line for the experiment engineering 
data. The engineering data lines feed the data into the Payload Data 
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interLeaver, which de commutates the incoming data and reformats it as 
required for telemetry. The data then moves through the PCM master unit, 
and the network signal processor to the S-Band pulse modulation system and 
the ground. In parallel, it is fed to the general purpose computer (GPC). 

GPC programs provide automatic performance monitoring, checkout and 
display of engineering data on the UCDS. This completes the manual control 
loop, since the Payload Specialist can initiate corrective action through the 

keyboard on the MCDS or special purpose controls. 

The route of the science data through the Spacelab and Orbiter data 
system will depend on the character of the instrument in use at the time and 
of the data it produces. It is expected that the high data rate channel through 
the RAU will provide the needed capability for most experiments. Alter- 
natively. the discrete channels will be used for experiments with sufficiently 
low sample rates. It is expected that the experiments or the MIC micro- 
processor will include appropriate A/D conversion for the SIRTF experi- 
ments so that the use of the RAU analog channel will be small. 

Science data proceeds from the RAU via the experiment data bus to 
the experiment computer where it is processed according to the instructions 
of the observing program. All or selected portions of the data are fed to the 
data displays and the payload specialist can modify instrument parameters 
or program parameters to optimize the performance. The data is simul- 
taneously recorded by the MSS PCM recorder. During POCC contact 
periods, the data is read off the MSS PCM recorder and transmitted to the 
ground through the Ku-band subsystem. During the transmission period, 
new data will be stored in the Spacelab computer mass memory, or on the 
high data rate digital recorder. 

C&W and clock lines are indicated on the block diagram, but are not 
of major concern at this point in the SIRTF system definition. 

For the higher data rates discussed in Section 2. 3. 2, the data will 
be fed out the 50 Mbps high data rate line independent of the RAUs. It will 
then be recorded and transmitted to the ground on the science wideband data 
line through the Ku-band signal processor. Monitoring of the high rate data 
will be accomplished by sending samples of the data through the high data 
rate channel o£ the RAU. The MIC micro-processor will perform the 

sampling. 
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Video signals developed by the experiment will be distributed on the 
internal video signal line to the closed circuit TV system. Selected portions 
of the video presentation can be transmitted to the ground via the FM signal 
processor and the S-band FM transmitter. Alternatively, experiment- 
originated video can be recorded on the analog/video recorder for later 
transmission to the ground via Ku-band. 

Assumptions 

There are some inconsistencies within the References 2-3 and 2-4 
data and uncertainties as to how the two avionics systems will interact. 

These are listed below, and the assumptions made in the discussions above 
are stated explicitly. 

1. Reference 2-4; 

• Figure 4-23 (page 4-41) shows a High Digita I Rate Recorder 
in the Block Diagram of the Pallet-only Mode. 

• Section 4. 4. 6. 1 (page 4-53, 2nd paragraph) states ”At 
present no high data rate recording is foreseen for the 
pallet-only mode. " 

• It has been assumed that the block diagram is correct, and 
that a high digital rate recorder will be available in the 
pallet-only mode. If it is not, it will have to be provided 
for high data rate experiments. 

2. Reference 2-4: 

• Figure 4-23 (page 4-41) shows no connection from the Tele- 
command uplink to the Experiment Input/Output Unit (only 
to the Subsystem Input/Output Unit). 

• Section 4. 4. 1 (page 4-42, paragraph 1) states "An Orbiter 
provided uplink allows commands to be sent to Spacelab 
experiments from the ground. " 

• Section 4. 4. 7 (page 4-54, last line) "The RAUs deliver 
signals to the experiments for telecommand control from 
the ground". 

• It has been assumed that the telecommand line is connected 
to both the subsystem and the Experiment Input/Output \mits. 
If it is not, commanding from the ground as required by the 
SIRTF specification will not be possible. 


3. Reference 2-4; 


1 

m 

t Is 

• Page 4-45 (Section 4. 4. 2. 1, 4fch paragraph on page) states 
"The serial digital input will essentially allow ... to trans- 
fer digital data at the data bus clock rate (1 Mbps, para- 
graph immediately preceding) in a programmed sequence 
(500 to 600 kbps bursts)." 

,, • Page 4-46 (Table 4-11, line 5 under "High Rate Digital"), 

states "equivalent data rate 102.4 kbps". 

• It has been assumed that the 500-600 kbps rate is the maxi- 
mum. This affects only which experiments are treated as 
high data rate experiments. 

4. B.eference 2-3; 

• Section 14. 2. 13 (page 14-113) refers to a Payload Wideband 
Recorder. No other mention is made of it; it does not 
appear in any block diagram. 

• This recorder has not been included in the SIRTF study; if 
it is to be available, it may be useful as a backup or as a 
replacement for the recorder discussed under assumption 1. 

5. Reference 2-4: 

• Section 4. 4. 7 (page 4-54, 2nd paragraph from bottom) 
states "the data are . . . transmitted to the ground via the 
64 kbps downlink as programmed. " 

• This downlink is not mentioned anywhere else in the section. 

• This downlink has not been included in the SIRTF study; 
there seems to be adequate downlink capacity, so there is 
no immediate impact. 

">• 6. References 2-3 and 2-4: 

• Are the CRT and keyboard shown located in the Aft Flight 
Deck the same as the Orbiter MCDS CRT and keyboard or 
are they separate units? 

• Although shown separately on the block diagrams, an inte- 
grated display system would be advantageous for the payload 
and mission specialists. 



1 

! 
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2. 3.4 Utilization of Command and Data Support Systems for SIRTF 


Figure 2-15 shows the SIRTF subsystem block diagram and how it 
will tie into a Spacelab RAU and the direct transmission lines. The IPS 
command and data lines are also shown. 

The SIRTF interface unit provides functions such as: routing and 
buffering of commands; digitizing, interleaving, and formatting of engineer- 
ing data; status checking; and initiating of caution and warning signals. 

The MIC interface unit's chief function is the processing of science 
data from the MIC. A Spacelab micro-processor may be used for part or 
all of this function, depending on the extent of the processing required. 
Processing includes analog-to-digital conversion, formatting, and buffering. 
In the case of high rate data which must be transmitted to the ground on the 
high data rate line, the MIC interface unit samples the data and transfers 
the sampled data to the experiment computer via the RAU. The experiment 
computer further processes the data and displays it on the Spacelab display 
unit. 

The MIC interface unit also collects and formats housekeeping data 
from the MIC, transfers it to the SIRTF interface unit, and feeds commands 
to the MIC. 

The command route through the SIRTF interface unit to the MIC inter- 
face unit and SIRTF telescope was selected as providing the simplest inter- 
face for final integration of SIRTF into Spacelab. In a typical integration 
sequence, the MIC and MIC interface unit will be tested and checked out 
independent of SIRTF, with the MIC interface unit tied directly to the test 
console. The MIC and MIC interface unit will then be integrated with SIRTF 
and the SIRTF interface unit. All commands will then enter the SIRTF sys- 
tem through the SIRTF interface unit, and all engineering data will leave 
through the SIRTF interface unit. Science data, which is not processed in 
the SIRTF interface unit, is transferred directly from the MIC data processor 
to the RAU, high data rate, or video lines. 
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Figure 2-15. SIRTF command and data 
management interface with Spacelab 
and Shuttle. 
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Commands 


The command lines from one experiment RAU appear to have 
sufficient capability for SIRTF control. The 16 discrete commands will be 
used for power control to the overall system and the major subsystems; the 
serial digital command lines will be used for all multiple and parametric 
output commands (e. g. , MIC selector mirror, interferometer sweep rate). 
No data rate for the serial command lines is given in Reference 2-4; how- 
ever, if they match the 2 kbps command rate in the Orbiter, they will be 
sufficient to control SIRTF functions. 

The IPS receives commands from, and transfers engineering data to, 
the subsystem computer via the subsystem RAU. Only mechanical connec- 
tions exist directly between the IPS and the SIRTF and MIC; all electricol 
connections are made through the Spacelab subsystem and experiment com- 
puters. There is concern that pointing control cannot be exercised ade- 
quately in this manner, and that a direct SIRTF-IPS electrical link is needed. 

In order to understand the need for the direct link, it must be noted 
that control of the SIRTF LOS involves several operations that are not 
apparent from the block diagram of Figure 2-15. Briefly stated, the initial 
processor for target acquisition is as follows; 

1. Prepare the telescope for observation by releasing the telescope 
hold-down clamps that lock the telescope to the Shuttle pallet, 
operate the mechanism that attaches the telescope to the IPS 
integration plate, and release the telescope cover. 

2. Rotate the telescope out of the Shuttle bay and extend the 
sunshade. 

3. Slew the IPS gimbals to an initial position commanded by the 
subsystem computer. The slewing is accomplished by means 
of the IPS gimbal position servos. 

4. Transmit prestored guide star coordinates and magnitude data 

to the IPS wide-angle star trackers (8° x 8° FOV), and command 
the star trackers to acquire the first set of guide stars. 

5. Align the telescope with the desired guide stars using informa- 
tion derived from the IPS star trackers. The alignment is 
accomplished using the IPS gimbal servos. 

6. Transmit prestored guide star coordinates and magnitudes to 
the SIRTF internal star tracker (30 arc minutes FOV) and com- 
mand the star tracker to acquire the guide stars. 


NOT m ifu 
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After the SIRTF internal star tracker has acquired the desired guide 
starSf the control of the SIRTF LOS is transferred to the internal star 
tracker. At this point the IPS gimbals are no longer commanded but are 
instead slaved to the gyro-stabilized platform mounted on the telescope. 

The LOS control then involves the following operations: 

1. The platform gyros are updated by information from the SIRTF 
internal star tracker. 

2. The SIRTF autoalignment system holds the telescope LOS in 
alignment with the platform. 

3. The IPS gimbals are slaved to the platform. 

A detailed discussion of the above LOS control operations is given in 
Reference 2-9. The slaving of the IPS gimbals to the platform is accom- 
plished by using the platform deflection angles (relative to the telescope) as 
error signals to drive the IPS gimbal servos. The deflection angles are 
measured with position transducers and sent directly to the IPS servos. 
Therefore, no computer processing of IPS commands is required. 

During slave mode operation, the SIRTF platform gyros rather than 
the IPS gyros are used for stabilization purposes. The IPS gyros can then 
be caged and used as highly accurate angular rate transducers for imple- 
menting a rate loop within each gimbal position loop. The dynamic perfor- 
mance and static accuracy of the slaving system are thereby improved. 

The right side of Figure 2-15 can be modified as shown in Figure 2-16 
to show the IPS gimbal slaving operation. The transfer of IPS control from 
the subsystem computer to the SIRTF occurs just before the beginning of an 
active viewing period. Further definition of the IPS is required to insure 
that this slaving can be accomplished. 

Data 

The engineering data rate will be sufficient for collection of SIRTF 
engineering data. 

It is expected that the bulk of the science data will be transferred to 
the RAU on its high data rate channel. Most experiments will produce data 
at rates from 10 kbps to 250 kbps. Higher data rate experiments will Use 
the high data rate line which bypasses the RAU. As mentioned above. 
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Figure 2-16. IPS gimbal slaving. 


samples of the data at a rate within the capability of the RAU and experiment 
data bus will be transferred to the experiment computer and to the data dis- 
plays. Science data is also shown being transferred via the RAU discrete 
channel inputs. This appears to be a possible, although rarely useful, 
alternative. 

CCD star tracker data will be transferred out on engineering data 
lines. The data can be reconstructed into a SIRTF field of view presentation 
either on-board or at the POCC. 

The conclusions based on the preceding discussions are that the data 
chaxmels provided by Spacelab have the capacity required by SIRTF; however, 
there may be problems in pointing control if die IPS and SIRTF control sub- 
systems remain independent. 
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Recording 


Recording of science data will be required only during periods when 
SIRTF is not in contact with a ground station directly or through the TDRSS. 
The out-of-contact period is estimated at 20 percent. Recording will be 
done on the MSS PCM recorder or on the high data rate recorder. 

The MSS PCM recorder is very flexible, with recording times and 
data rates ranging from 18. 6 hours at 51 kbps to 0. 9 hour at 1 Mbps. Thus, 
accommodation of varying data rates and outage periods can be made. At 
present, the high data rate recorder is very inflexible, recording for 
0. 3 hour at 30 Mbps only. A more flexible recorder is being considered. 

If* the present high data rate recorder is selected and must be used, a sub- 
stantial buffer will be required in the MIC interface unit so that TDRSS outage 

times longer than 0. 3 hour can be accepted. 

Addition of a second recorder in parallel with the MSS PCM recorder 
provides full flexibility: all data can then be recorded and retained until 
error-free transmission to the POCC is verified. The penalties are cost, 
weight, and most importantly, power on board. This does not appear to be 
an attractive alternative. 

The conclusion is, thus, that either the MSS PCM recorder or the 
high data rate recorder will be used for data recording during TDRSS and 

ground station outage periods. 

Computer 

Table 2-15 lists the estimated execution times for the functions also 
listed in Table 2-14, based on the computer description in Reference 2-4. 
The computer appears to be adequate for SIRTF needs. 
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table 2-15. EXECUTION TIME ESTIMATES 


Operation 

Execution Time 

Automatic Mode Sequence 
Semi-Automatic Mode Sequence 
Manual Mode Sequence 

1. 7 nis 

Status Input and Update 

0. 6 ms 

Object Avoidance 

3. 0 ms 

Obtain Next Star 

0. 5 ms 

Pointing Process 


Coordinate Conversion 
Pattern Matching 
Reminder 

2.0 ms 
15. 0 ms 
1.3 ms 

Instrument Data Processing 
(Fast Fourier Transform) 

1 . 2 sec/2^^ points 

Bad Transmission Recovery Logic 

I/O Limited 

Data Acquisition/Distribution 

0. 9 ms 

Data Transmission/Recording 

0. 9 ms 

Bad Record Message Receiver 

0. 5 ms 

Display Formatter 

3. 5 ms 

Operator Interface Processor 

I/O Limited 

Airborne New Star Processor 

1. 5 ms 

Ground New Star Processor 

1. 0 ms 

Ground Telemetry Receiver 

0. 5 ms 

Inter Computer Communication Control 

0.8 ms 

Diagnostic Processor 

1. 0 ms 



t 


2.4 POWER REQUIREMENTS 

Table 2-16 lists the estimated power requirements for SIRTF. A 
large contingency has been added due to the many uncertainties. 

The power requirements have been grouped under SIRTF (telescope), 
MIC, and Spacelab Mission-Dependent Equipment headings. 

The main power consumption in the SIRTF telescope is the internal 
stabilization loop. The estimates for the gyro -stabilized platform, laser, 
and servo electronics are based on the conceptual ciesign work at Hughes. 

The CCD star tracker estimate is based on current JPL work on a similar 

device. 

The MIC instrument power requirements were estimated as part of 
the MIC definition (Section 2. 3. 1). The MIC interface unit will include 
amplifiers, A/D Converters, buffers and short-term storage. 

The Spacelab equipment power requirements are taken from refer- 
ence 2-4, with the exception of the IPS for which a recent updated estimate 

was used. 

The total power requirement is estimated at 1.3 to 2.2 kW. A 50 per- 
cent contingency is added to allow for estimating errors, design changes, 
and power condition equipment inefficiencies. The 1. 9 to 3.3 kW total is well 
under the allowable 5.2 kW and 450 kWh for the 7-day mission. Hence, the 
SIRTF requirements are roughly equal to half the available power, so that 
flying a second payload with SIRTF is feasible in terms of electrical power. 
The cryogenic cooling system does not generate heat, so the heat rejection 
requirement of SIRTF is also on the order of 1.9 to 3.3 kW , substantially less 
than half vof the 6. 6 kW^ available in the pallet-only mode. 

2. 5 GROUND SUPPORT 

The ground support portions of the overall SIRTF system include two 
major subsystems: the launch support equipment and the in-flight support. 
The latter includes the TDRSS, the Payload Operations Control Center 
(POCC) and the astronomers' remote station. Of the launch equipment, the 
cryogenic servicing equipment is the major large size, time critical item, 
and is discussed in most detail herein. The rest of the ground support equip- 
ment can be standard items. 
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TABLE 2-16. SIRTF POWER REQUIREMENTS 


SIRTF 


145 

Gyro -Stabilized Platform 

50 


Laser 

30 


CCD Star Tracker Processor 

25 


Servo Electronics and Mirror Drive 

35 


Housekeeping (Buffer Amplifiers) 

5 


MIC 


55-160 

Grating Spectrometer 

10 


Photometer Camera 

10 


Lamella ■“ Graing Interferometer 

3 


Michelson Interferometer 

no 


Polarimeter 

3 


Data Processor 

50 


SPACELAB MISSION -DEPENDENT EQUIPMENT 

CD MS 


745 

Experiment Computer 

310 


Experiment I/O Units (2) 

90 


Remote Acquisition Ui;Jt 

15 


High Bit Rate Recorder 

200 


Recording and Communication Control 



Equipment 

50 


TV Monitor 

50 


Time Display 

30 


IPS 


320-1150 

Total Listed 


1265-2200 

Contingency (50 percent) 


635-1100 

Total 


1900-3300 



The work reported here for this preliminary design study was aimed 
at defming requirements for command and control and data transfer. The 
result, is in the nature of general requirements for the POCC and the 
astronomer remote station rather than detailed definition. The definition 
work has now begun at ARC in coordination with work by the JSC and MSFC; 
it Will be reported later. 
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2. 5. 1 Cryogenic Servicing Equipment 


There are two cryogenic servicing tasks to be performed at the 
launch site: one is to cool down and fill the storage tanks which supply 
cryogen to SIRTF in flight; the second is to cool down the SIRTF telescope 
itself. Because the tanks have a large capacity and small mass, their cool- 
down is achieved by filling them, allowing them to cold soak for about 24 
hours, and finally filling and topping off as needed. The telescope, on the 
other hand, has a large mass to be cooled and a small cryogen capacity so 
that a continuous flow is required. A second difference is that the helium 
only will be used to cool down the tanks, whereas liquid nitrogen will be 
used to cool the telescope to about 80°F, a more rapid and less costly 
approach due to the higher heat capacity and lower cost of liquid nitrogen. 
Thus it is expected that the two cryogenic servicing systems will operate 
somewhat independently, and they are described separately here. 

Storage Tanks 

The cryogenic servicing approach for SIRTF is based directly on the 
cryogenic servicing equipment and procedures developed by Grumman for 
the LM (Lunar Module) propellant pressurization system. The modifications 
which will be required are a result of the larger capacity of the SIRTF tanks 
as compared to the LM tanks. 

_^ixxong the features of the LM loading equipment is the ability to load 
to a range of loading densities from liquid into the supercritical regime. 

This provides the possibility of varying the total cooling available with a 
fixed number of tanks in order to meet individual mission requirements. 
Reference 2-7 describes the LM equipment and the modifications required 


in detail. 


Figure 2-17 is a schematic of the SIRTF tanks cryogenic servicing 
equipment. The hardware elements are described below. 

Flight Tank(s) To Be Loaded. The fill and vent couplings are mounted 
on lines leading to the tank(s). The couplings are mounted in the prelaunch 
payload service panel (T-4 umbilical). Both couplings are vacuum jacketed 
and sealed with a spring-loaded, central pin-operated poppet. Full engage- 
ment with the ground halves opens the poppet. Each coupling has, further- 
more, metallic filter and a dust cap capable of withstanding full operating 
pressure. 


LHe Storage and Transfer Dewar . This will be one or more com- 
mercial dewars of large capacity; a unit which has been previously qualified 
for launch complex use will be selected; it will be equipped with the neces- 
sary pressurization and over -pressure protection means. 


Conditioning Unit Subassembly . This subassembly provides high- 
pressure cold helium gas for the "top-off" cycle ^ that is, the activity when 


the liquid helium in th- flight tank is being driven Supercritical by means of 
mass addition. It contains, besides the necessary valving and instrumenta- 


tion, thej following key elements; 


• A liquid nitrogen precooler for helium gas 

• A high-efficiency gaseous he lium-to -helium heat exchanger 

• A liquid helium cooler (boiler) 


All of these items are enclosed in a vacuum -jacketed housing. 

In operation, high-pressure gaseous helium enters the liquid nitrogen 
boiler. Gaseous nitrogen boil-off is vented overboard. 

The high-pressure helium leaving the heat exchanger enters the 
liquid helium boiler where it is cooled to approximately 5°K before it leaves 
the conditioning unit subassembly. 
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Figure 2-17. Basic SIRTF cryogenic tanks servicing schematic (the second 
flight tank is used only for missions of more than 14 days). 




■ f,. 




























Fluid Distribution Unit Subassembly . Tliis subassembly provides the 
necessary flow paths of helium to and from t^e flight tankfs). Furthermore, 
it possesses the capability to bypass the flight item for line prechill purposes. 
It is equipped with indicators which signal "tank full" condition by reacting 
to liquid being present in the vent line. 

Liquid Nitrogen Supply Unit . This unit fills the liquid nitrogen 
boiler of the conditioning unit subassembly. 


Other Hardware . Other hardware consists of vacuum -jacked inter- 
connect lines and high-vacuum maintenance units. The cryogenic supply 
lines (fill and vent lines) will be serviced through the Pre-launch Payload 
Service Panel (s^e Reference 2-7). This panel is configured to be replaced 
by special panels made for special missions. Connection of the helium fill 
and vent lines through this panel permits the application of mechanical caps 
over the flight coupling halves prior to launch - a practice successfully 
employed on the Apollo-LM vehicle. For this reason, cryogenic fill and 
vent lines through the T-O launch umbilicals are not recommended. 


2.5.2 Ground Support Equipment 

Ground support equipment for SIRTF consists of the following: 

Cryogen Servicing Equipment 

Cryogen Transfer Lines 

(Servicing Equipment to Shuttle Umbilical) 

Shuttle Umbilical Interface 
Preflight Test Console 

Flight Control Console (at KSC and ARC) 

Ground Transportation and Handling Equipment 
Control Console Simulator (at Ames Research Center) 

Test Cover 

The test cover will have twelve 8-cm diameter windows in two rows 
of six, 90 degrees apart; these make it possible to accurately inject visible 
energy into the system and verify focus and image quality in the MIC at 
operating temperature without building and qualifying a 1 meter class 
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cryogenic optical test facility. The windows will be coated to provide low 
emittance in the infrared region of the spectrum to minimize thermal loads 
during test. 
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3. SIRTF TELESCOPE 


The SIRTF telescope is described in this section. Additional 
material can be found in the various telescope subsystem reports which are 
referenced throughout the section. The sections herein cover the mechanical 
optical, thermal, acquisition, pointing and stabilization subsystems in 
detail. The final subsection discusses performance predictions, including 
the effects of contamination on sensitivity, 

3, 1 GENERAL TELESCOPE CONFIGURATION 

Figure 3-1 is a schematic of the SIRTF telescope. Major subsystems 
are the optics, baffles, star tracker, and cryogenic cooling system* Fig- 
ure 3-2 is a cutaway view that gives a better idea of the actual appearance of 



Figure 3-1, Telescope schematic. 


*1 


I 

i ‘ 



of the telescope. The main telescope collects and focuses both infrared and 
visible energy. The primary mirror of the Gregorian forms a real image of 
the field of view after reflection of the energy from the first folding mirror; 
a field stop at the first focal plane prevents energy from out-of-field sources 
from reaching the detectors. The beam diverges and the secondary mirror 
refocuses the energy at the focal plane of the telescope after reflection off 
the second folding mirror. A beamsplitter reflects the infrared energy into 
one of the astronomical instruments; the visible energy passes through the 
beamsplitter to the star tracker. 

The telescope mirrors, which are made of beryllium, are mounted 
in an inner telescope barrel made of aluminum. The inner barrel is in turn 
mounted to the outer vacuum shell on a fiber glas cone which provides thermal 
isolation between the inner barrel and the outer shell. Vapor-cooled radia- 
tion shields and super insulation reduce heat transfer rate from the outer 
shell to the barrel. 

Astronomical data will be collected by each of six instruments located 
in the multiple instrument chamber (MIC), The instruments will range from 
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single -element photometers, with one or more filters to define spectral 
bands of interest, to multiplex spectrometers, such as a Michelson interferom- 
eter spectrometer which can generate high resolution spectra over wide bands. 
Other instrximents may include multidetector, multifilter photometers, 
polarimeters, and grating spectrometers of various types. The instrument 
complement may be changed between flights as research interests progress. 

The MIC will serve as the interface between SIRTF and the instruments. 
Instruments will be mounted, aligned, and tested in the MIC, and the MIC 
will then be installed in SIRTF and aligned with the telescope. Cooling, 
electrical connections, and preliminary data processing will be supplied to 
the instruments by the MIC. Design of the MIC and of the individual instru- 
ments was not a part of the SIRTF preliminary design study. Preliminary 
design of the MIC and instruments is planned as a future activity by NASA. 

While the IPS will provide a high degree of stability and pointing 
accuracy, it is not sufficiently stable for telescopes requiring arc-second 
pointing. The SIRTF study has shown that an internal image stabilization 
system is necessary to realize the full potential of SIRTF. This is implemented 
by means of a focal plane star tracker operating in the visible region, and a 
servo drive on the second folding mirror. Once the star tracker has acquired 
the visible star (either on-axis or with a fixed offset), it generates error 
signals which are used to drive the second folding mirror and maintain point- 
ing. For cases where there is no sufficiently bright star in the field of view, 
a gyro- stabilized laser provides an artificial star. More detail is provided in 
Section 3. 5. 

The modified, double-folded Gregorian optical design can be shown 
to have substantial advantages for the telescope. One important attribute of 
the folded Gregorian design is that the detectors are shielded from all 
extraneous radiation except energy which arrives, after scattering or diffrac- 
tion, at the primary field stop within the FOV bundle. Energy radiated by the 
cone running between the secondary and the second folding mirror can also 
reach the detectors; however, the cone is kept cold enough so that this energy 
does not materially contribute to the background at the detector. 


Another advantage of the Gregorian telescope over Cassegrain types is 
that space chopping and fine stabilization are achieved by moving the second 
(flat) folding mirror instead of moving the figured secondary. The secondary 
mirror of the Gregorian images the primary mirror precisely onto the 
second folding mirror so that the image of the primary at the second focal 
plane does not change as the mirror is tilted. By eliminating beam travel 
on the primary, scan modulation (or offset) due to scanning over condensed 
materials or dust is eliminated. The beam does travel on the first folding 
mirror and secondary but these are better protected from condensation than 
the primary so their levels of contamination will be lower. We will discuss 
contamination in a later section. 

A third advantage of the Gregorian design is that there is no degrada- 
tion of image quality over the field of view, even during space chopping. The 
aberration correction which can be obtained in the Gregorian is comparable 
to that obtained in a Ritchey- Chretien design; scanning of the second folding 
mirror introduces no aberration other than defocus, which for the present 
design is far smaller than the diffraction limit. 

A fourth advantage is that the primary and secondary mirrors are 
located close to each other so that they are effectively both mounted to the 
same rigid structure, thus avoiding the problem of achieving and holding 
alignment (collimation) between the primary and secondary. Tilt of the 
first folding mirror has a minor effect on optical performance that can be 
corrected in flight. 

Although the above advantages were considered important enough to 
warrant choice of the Gregorian as the baseline design, some astronomers 
have expressed concern about the lack of experience in dealing with the 
effects of the large central obscuration (0. 50 diameter) and second folding 
mirror chopping on astronomical observations. A reduced-scale test of a 
folded Gregorian telescope is being planned to resolve these concerns. The 
results of this test will determine the final SIRTF telescope configuration. 

The major subsystems (mechanical, optics, thermal, and stabiliza- 
tion) are discussed in the following subsections. 


2 OPTICAL DESIGN AND PERFORMANCE ANALYSIS 

The optical characteristics and performance evaluation of the SIRTF 
optical system are presented in this section. The double-folded Gregorian 
IR telescope is described and evaluated in Section 3, 2, 1 and the star tracker 
optical system is discussed in Section 3. 2. 2, Section 3, 2. 3 deals with the 
laser stabilization optics, and Section 3. 2, 4 rejection of energy from out-of- 
field sources. Section 3, 2. 5 covers the effects of condensed contamination 
on the telescope performance. 

The design of the SIRTF IR telescope satisfies the optical performance 
criteria of being diffraction limited at 5 micrometers over its 15 arc minute 
field of view. The star tracker detecting element is still in the preliminary 
design stage and some minor additional optical design effort will be required 
to optimize the optical performance over its 30 arc minute field of view. 

3. 2. 1 Data IR Telescope Design and Performance 

The SIRTF IR telescope is a double-folded Gregorian configuration 
consisting of an f/3. 15 ellipsoidal primary mirror and an ellipsoidal secondary 
mirror. The system aperture stop is located at the second folding mirror. 

An optical layout of this telescope is shown in Figure 3-3. In this telescope 
the first folding mirror is used to maintain focus and the second folding 
mirror is tilted to implement space chopping and image motion compensation. 
This mirror is controlled by a two-axis reactionless drive mechanism 
described in Section 3. 5, 1. 

The main optical characteristics of the SIRTF IR telescope are 
summarized in Table 3-1, 

O ptical Performance 

The optical performance of the SIRTF IR telescope was evaluated by 
two-dimensional Fourier analysis to generate point spread functions (PSF), 
physical modulation transfer function (MTF), physical optics radial energy 
distributions and spatial convolutions of the PSF with square detector 
elements. 
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TABLE 3-1. SIRTF IR TELESCOPE OPTICAL CHARACTERISTICS 


Parameter 

Values 

Effective focal length, m. 

7,. 97 

Telescope f-number 

6.87 

Primary mirror f-number 

3. 15 

Secondary magnification 

2. 18 

Entrance pupil diameter, m. 

1. 16 

Linear obscuration, % 

50.0 

Total field of view, arc-min. 

15 

Space chopping displacement angle, arc min. 

± 7. 5 in two 

perpendicular directions 


The on-axis performance was examined in detail, and the other field 
positions were evaluated by calculating PSF and physical optics radial energy 
distributions. In particular, the on-axis performance at 5, 0 micrometers 
was evaluated by generating the point spread function shown in Figure 3-4, 
by calculating the physical modulation transfer function shown in Figure 3-5, 
by calculating the physical optics radial energy distribution shown in Fig- 
ure 3-6 and by convolving the PSF with a 1, 0 arc second, and a 2. 17 arc 
second (Airy disc diameter) square detector (Figure 3-7). A jitter analysis 
was completed by convolving the on -axis point spread function with a 
Gaussian jitter function and is shown in Figure 3-8. Physical optics radial 
energy distributions are presented in Figure 3-9. 

The other field positions evaluated were +4. 0 arc minute, +7. 5 arc 
minute, on- axis with 4. 0 arc minute displacement angle of the field of view 
and on-axis with 7. 5 arc minute displacement angle. At each point in the 
field and at each displacement angle, point spread functions and physical optics 
radial energy distributions were calculated. Figure 3-10 illustrates profiles 
of the point spread functions for the different field positions and displacement 
angles. Since the physical optics radial energy distributions were almost 
identical to the on- axis case shown in Figure 3-6, they are not presented. 
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Figure 3-10. Profiles of point spread functions for different 
field positions and field of view displacement angles (tilt). 

An examination of the point spread functions shown in Figure 3-10 
indicates the optical performance of the SIRTF IR telescope is diffraction 
limited over (he 15 arc minute field of view and also on-axis with a ± 7 , 5 arc 
minute space-chop displacement angle. 

Boresight Sensitivity and Image Degrada tion Analysis 

The boresight sensitivity of the SIRTF IR telescope was analyzed by 
individually tilting and decentering the primary and secondary mirrors and by 
tilting the first and second folding mirrors. In this calculation the mirrors 
were tilted by one arc minute and the primary and secondary were decentered 
by 0. 5 millimeter. For each separate tilt or decenter, the change in bore- 
sight angle in object space was recorded and the image quality was examined 
by calculating a geometrical radial energy distribution from a 500-ray spot 
diagram. The results of this analysis are summarized in Table 3-2. This 
table contains the change in boresight angle for 1 arc minute of tilt, 0. 5 milli- 
meter decenter and the geometrical blur diameter containing 90 percent energy 
for each case. 
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TABLE 3-2. BORESIGHT SENSITIVITY AND IMAGE DEGRADATION 

ANALYSIS SUMMARY 


Mirrors 

1 Arc Minute Mirror Till 

Decentration = 0. 5 mm 

A Boresight 
Angle, 
mrad 

90% Energy 
Blur Diameter, 
mm 

A Boresight 
Angle, 
mrad 

90% Energy 
Blur Diameter, 
mm 

Primary 

0. 58 

0. 035 

-0. 14 

0.016 

1st folding 

-0. 19 

0. 026 

— 


Secondary 

-0. 24 

0. 012 

0. 20 

0.016 

2nd folding 

0. 14 

0. 0036 




The image degradation introduced by tilting the secondary mirror was 
examined in terms of geometrical radial energy distributions and the results 
are shown in Figure 3-11. For a 5 arc minute tilt of the secondary mirror, 
the geometrical blur diameter containing 90 percent of the energy is less 
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Figure 3-11. Image degradation 
introduced by tilting the second- 
ary mirror. 




than 1.42 arc second. Calculations based on the actual mechanical design 
indicate that the actual tilts will be in the range of 10 to 30 arc seconds; the 
effect on the blur will thus be negligible (see Section 3. 4. 1). 

In summary, the SIRTF IR telescope has been designed to be diffrac- 
tion limited at 5. 0 micrometers over its 15 arc minute field of view and on 
axis with a ±7. 5 arc minute space chop displacement angle introduced by 
tilting the second folding mirror. Tilt and decenter introduced by mechanical 
and thermal effects will not affect performance. 

3. 2. 2 Description of the Star Tracker Optics 

The SIRTF star tracker consists of an optical system, a 400 by 
400 element charge- coupled device (CCD) array, and associated signal 
processing electronics. The size of the CCD array makes it necessary to 
de-magnify the data telescope FOV before imaging on the CCD array. (See 
Section 3. 5.2. ) The SIRTF star tracker optics, preceded by the two tilted 
wedges of the dichroic beamsplitter in the converging beam of the IR tele- 
scope, consists of a relay lens (comprised of a field lens at the intermediate 
image plane, and an f/7, 0 singlet element), and an f/1. 0 catadioptric star 
tracker telescope. A layout of this optical system is illustrated in the lower 
portion of Figure 3-3 and also in Figure 3-12. 



Figure 3-12. Optical layout of star tracker relay. 
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The first optical components in the diagram of the star tracker relay 
are a pair of we dge% tilted at 45 degrees with respect to the optical axis. 

The front surface of the first wedge has a dichroic beamsplitter coating which 
reflects the IR radiation and transmits the visible radiation. The second 
surface of the wedge Is not parallel to the first surface to correct the axial 
astigmatism irxtroduced by having a tilted plate in a converging beam. The 
second tilted wedge is required to correct the residual axial astigmation and 
coma introduced by the first wedge. The wedge angle and thickness of the 
second wedge are selected to restore the optical axis along the optical axis 
of the IR telescope. The start tracker relay optical axis must be coaxial with 
the IR optical axis in order to permit the dichroic wedge surface to rotate 
360 degrees to select different MIC experiments. 

The second component of the star tracker relay is a field lens at the 
intermediate image plane which redirects the off-axis radiation toward the 
entrance pupil of the catadioptric telescope. The third component is an 
f/7. 0 singlet which collimates the radiation from the field lens into the 
telescope. 

The final component is an f/1. 0 catadioptric system which consists 
of two low-power corrector elements, a spherical primary mirror, a spherical 
secondary mirror (reflective coating on the rear surface of the second cor- 
rector element) and a field corrector lens. 

Because the star tracker is located in the MIC where the ambient 
temperature is about 20°K, the performance of the star tracker optical sys- 
tem at low temperatures was sttidied. In this design, all the refractive 
elements were assumed to be made from Schott K5 glass (522-595) because 
of its low change of refractive index with temperature. Because of the lack 
of data at low temperatures on Schott K5, data on Bausch and Lomb 523-586 
(a very similar glass) was also used. Table 3-3 gives refractive index 
change with temperature data in air and vacuum. The absolute index changes 
are 4 to 14 times less than those in air. Figure 3-13 shows lower tempera- 
ture data for the B&L glass; this data is relative rather than absolute index 
change and at shorter wavelengths than the CCD band. Since the B&L glass 
change at low temperatures is much too small to cause image degradation, 
and the absolute refractive index change is smaller than the relative change, 


3-15 


TABLE 3-3. TEMPERATURE COEFFICIENTS OF SCHOTT K5 (522-595) 
GLASS (SPECTRAL BA D IN STAR TRACKER CHANNEL: 650 TO 
950 nm) 


Temperature Coefficients 

HxioVc 


Temperature Coefficients of 
Absolute Refractive Index 


(Temperature of Glass and 

Temperature Ambient Air are Equal) 

Range (°C) 643,8 nm 850 nm 1060 nm 643,8 nm I 850 nm I 1060 nm 


dn 1 rt ^ ^ \ 

10 / C (in vacuum) 


0 to +20 
+20 to +40 
+40 to +60 


- 0 . 1 


■200 -ISO 160 KO -120 100 -CD 6') -40 -20 0 20 40 60 SO 100 120 

Tilr’^'t-IATUSE <^C 

Figure 3-13, Refractive index change with temperature 
for B&L 523-586 glass. 


and the coefficient change with temperature Is smaller at longer wavelengths, 
there will be no image degradation due to index change at low temperatures. 

The main characteristics of the star tracker optics combined with the 
SIRTF IR telescope are provided in Table 3-4. 






















TABLE 3-4. SIRTF STAR TRACKER OPTICAL CHARACTERISTICS 
(INCLUDING THE IR TELESCOPE) 


Parameter 

V alue s 

Effective focal length, m 

1., 16 

Telescope f-number 

1.00 

Entrance pupil diameter, m 

1. 16 

Linear obscuration, % 

50. 0 

Total field of view, arc min. 

30 

Space chopping displacement angle, arc min. 

± 7, 5 in two 
perpendicular directions 

Approximate transmittance, % 
(without obscuration) 

60 


Performance of ilie Star Tracker Optical System 

The performance of the star tracker optical system combined with 
the SIRTF IR telescope and compensating wedges was evaluated by tracing 
spot diagrams and calculating knife-edge scans in the X and Y directions at 
tlie on-axis and +7. 5 arc minute elevation field position. These knife-edge 
scans of the preliminary version of the star tracker optical system are shown 
Figures 3-14 and 3-15 for tlie X and Y scan directions respectively. The 
+7. 5 arc minute field position in azimuth and the -7. 5 arc minute field posi- 
tion in elevation were also examined and the knife-edge results were found to 
be almost identical to the knife-edge scans at +7, 5 arc minute in elevation. 

In addition, the diagonal field positions within a 7, 5 arc minute radius were 
checked to verify the image quality through the pair of compensating wedges. 
These results were also almost identical to the knife-edge scans at 7. 5 arc 
minute in elevation. 

In actual practice, the star tracker optics may be used in a defocused 
mode to allow the image blur to cover at least 4 x 4 resolution elements of 
the 400 X 400 element CCD array. This defocusing improves the pointing 
accuracy. By computing the locations of the centroid of the blur (from the 
ratios of energy on the various elements) the centrbid can be located to 
about I /lO the resolution element dimension. 
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Figure 3-14. Knife-edge scans in X direction for 
the star tracker optical system. 
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Figure 3-15. Knife-edge scans in Y directionfor 
the star tracker optical system. 






\_ 


3-18 



In order to evaluate the on-axis geometrical blur at a suitable 
defocused position, a spot diagram consisting of 300 rays at 0. 78 micrometers, 
150 rays at 0.65 micrometers and 150 rays at 0. 93 micrometers was calcu- 
lated for various defocus conditions until the 4 x 4 resolution elements were 
approximately covered. Figure 3-16 illustrates the spot diagram filling a 
4x4 resolution element area. 

In this spot diagram, the points indicated by 1 correspond to radiation 
at 0. 78 micrometers. An examination of Figure 3-16 reveals that radiation 
at 0. 78 micrometers is focused into an annular image. The points indicated 
by 2 correspond to radiation at 0. 65 micrometers. Radiation at this wave- 
length is focused into a small area in the center of the image blur and tends 



1. X, = 0.78/tf 300 RAYS 

2. X2= 0.65/it 150 RAYS 

3. X 3 = 0.93m 150 RAYS 


Figure 3-16. Geometrical spot diagram, on-axis. 
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to fill the hole in the annular image. The points indicated by 3 correspond 
to radiation at 0. 93 micrometers. At this wavelength, the radiation is 

focused into a larger annular image. 

It appears that radiation between 0. 6f? and 0. 78 micrometers will be 

focused near the central portion of the image so that the image remains 
peaked at its center. 

An on-axis radial distribution was calculated from this spot diagram 
and is shown in Figure 3-17. The irregular regions on this radial energy 
distribution are caused by the fact that only three wavelengths of radiation 
are traced in this spot diagram. If many wavelengths of radiation were 
traced to calculate a new spot diagram, the radial energy distribution would 
have the same magnitude but would be smoother in appearance. 



Figure 3-17. Geometrical 
radial energy distribution, 
on- axis. 
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Figure 3-18 represents knife-edge scans in X and Y directions of the 
defocused spot diagram shown in Figure 3-16. These knife-edge scans would 
also be smoother if many wavelengths of radiation between 0. 65 and 
0. 93 micrometers were traced to calculate the spot diagram. 

Another potential problem area in star tracker performance is the 
amount of anamorphic distortion introduced by the tilted beamsplitter wedge 
and compensating wedge in the star-tracker optics. This is analyzed here 
by tracing chief rays at various field positions in azimuth and phis and minu^ 
elevation. Figure 3-19 illustrates the optical schematic of the SIRTF star 
tracker and the orientation of image heights X. +Y and -Y with respect to the 
tilted wedges and field angle 0. (6 shown in the YZ plane for Y image heights. ) 



Figure 3-18. Geometrical knife-edge scans, 

on-axis. 


3^21 



Figure 3-19. Unfolded optical schematic of star tracker. 


Table 3-5A lists the paraxial image heights (f tan 9) and the actual 
image heights, ^pj.' and ±X directions in the paraxial image 

plane for various semi-field angles 0. (Note: a negative semi-field angle 
0 corresponds to the negative image heights in the -Y direction.*) Table 3-5B 
lists the angular distortion calculated from the expression: 

Angular Distortion(arc sec) = - f tan 0 ) x (177.8 ) 

The anamorphic distortion introduced by the tilted wedges causes the 
image heights along the Y axis to be reduced by approximately 1. 5 percent 
throughout the elevation field of view. The image heights along the X axis 
are relatively unchanged from the paraxial image heights. Since this results 
infixed position errors of up to 14 arc second, the star tracker data processor 
will have to initiate this fixed correction (as a function of field angle) when 
guiding on an off-axis star. Since the distortion is fixed, this will not increase 
the random error in off-axis guiding. 

Thus, the preliminary version of the star tracker optics provides a 
uniform geometrical blur over 15 arc minutes of its 30 arc minute field of 


view. 


TABLE 3-5. DISTORTION OF THE STAR TRACKER OPTICS 


A. SUMMARY OF PARAXIAL AND ACTUAL IMAGE HEIGHTS 
FOR VARIOUS VALUES OF 6 (mm) 

(Distortion = - f tan 6, f = 1160 mm) 



f tan 6 

H (+Y) 

pr 

H ^iiX) 

0. 05 

1.0122912 

0.997674 

-0.997666 

1. 01399 

0. 10 

2. 0245838 

1. 99506 

-1.99501 

2. 02765 

0. 15 

3. 0368797 

2.99184 

-2. 99172 

3. 04065 

0. 20 

4. 0491802 

3. 98768 

-3. 98747 

4.05265 

0. 25 

5. 061487 

•i; 98224 

.-4.98190 

5. 06326 


B. ANGULAR DISTORTION AS A FUNCTION OF 
SEMI-FIELD ANGLE 0 


0° 

Angular Distortion, 

+Y Direction 
(arc sec) 

-Y Direction 
(arc sec) 

±X Direction 
(arc sec) 

0. 05 

- 2.60 

- 2. 60 

0.302 

0. 10 

- 5. 25 

-5.26 

0. 545 

0. 15 

-8.01 

-8.03 

0. 670 

0.20 

-10. 93 

-10.97 

0.617 

0.25 

-14. 09 

-14. 16 

0. 315 


Further optimization of the star tracker optical system will improve 
the uniformity of the image throughout the entire 30 arc minute field of view. 
Having established that a high quality image can be produced for the star 
tracker further work must await details of the final configuration of the CCD 
chip, which is under development by Jet Propulsion Laboratory. 




3. 2. 3 Infrared and Visible Transmittance^ of the SIRTF Telescope 

Coatings for the mirrors and beamsplitter (MIC selector) are 
discussed, followed by computation of the transmission of the SIRTF tele- 
scope in the infrared, and of the star tracker optics. 

Coatings 

The coatings for the SIRTF telescope mirrors and beamsplitter were 
selected considering both optical and environmental requirements. A trade- 
off was made among bare beryllium, bare silver, silver with magnesium 
fluoride overcoat, electrolytic gold and vacuum deposited gold. Previous 
measurements of samples of each type of coating have been used to predict 
the transmittance of the telescope as a function of wavelength. 

Characteristics of the mirror surfaces are listed in Table 3-6. The 
table shows that optically the best mirror coating for SIRTF is silver because 
its reflectance is the highest of any metal over the entire 0. 5 to 1000 pm 
wavelength region. (High reflectance in the visible is needed to provide high 
signal levels to the star tracker.) Hughes' experience is that silver tarnishes 
quite easily so that it must be protected. Members of the SIRTSAG claimed 
that they have seen little tarnishing on silver astronomical mirrors. They 
are opposed to overcoating because overcoatings have one or more absorp- 
tion bands in the infrared range. The question was not fully resolved; a 
coating without absorption bands has been tested since the final discussions 
took place and may represent a solution. In any case, final selection of the 
coating need not be made until shortly before the primary is actually coated, 
and a coating can be stripped off and replaced at any time if it proves to be 
unsatisfactory. 

Figure 3-20 illustrates the performance of the coating initially sug- 
gested. The main features of this coating, which was -developed by Optical 
Coating Laboratories, Inc. (OCLI), are its durability (i. e. , resistance to 
abrasion, humidity, etc.), the protection it gives the silver, and its almost 
lack of absorption bands. Measurements shown in Figure 3-20 are for a 
coating on glass and the measurements were made after the MIL-M- 13508 
humidity, adhesion, and abrasion tests. Equally good performance is obtained 
coating on beryllium. Also shown is the reflectance raised to the fourth 
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TABLE 3-6. COATING MATERIAL TRADEOFF 


A. Mirrors 



' ' I 

IR 

Reflectivity 

Visible 

Reflectivity 

Durability 

Degradation in 
Normal Use 

Bare Be 

97% 

50% 

Good 

Slight amount 

Bare Ag 

>99% 

>97% 

Very poor 

Tarnishes easily 

Ag with OCLI dielectric 

99% 

97% 

Excellent 

Very slight amount 

Electrolytic Au 

96% 

-50% 

Fair 

Very little 

Vacuum deposited Au 

>99% 

-50% 

Very soft 

Very little 

B. Beamsplitter 


IR 

Reflection 

Visible 
Transmis sion 

Durability 

Degradation in 
Normal Use 

Bare Gold 

95% 

60% 

Very poor 

Slight 

Overcoated Gold 

90% but 
not uniform 

65% 

Good 

Slight 

Inconel 

85% 

50-70% 

Very good 

Slight 

Chromium 

85% 

50-70% 

Very good 

Slight 

Indium oxide 

85% 

78% 

Excellent 

Very slight 
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power. As can be seen from Figure 3-20 there are two small (1 percent) 
absorption bands at 3 pm and 11 pm and a larger absorption band (8 percent) 

at 17 pm. 

While the above coating avoids the undesirable absorption bands of 
silicon oxides near 9 pm, a coating currently under development may be 
substantially better. This material, also an OCLI development, has been 
tested and shows the reflectance to be greater than 95 percent in the visible, 
coupled with no absorption bands in the infrared from 1 to 50 pm. Because 
this overcoating is approximately 0. 1 pm thick, it is expected that there will 
be no absorption bands beyond 50 pm. The results are still preliminary and 
further testing will be required to fully establish the coating s performance. 

The beamsplitter is used to separate the infrared (X > 1 pm) from the 
visible energy (0, 5 to 0, 9 pm) used by the star tracker. The coating will be 
applied to the front surface of a flat glass substrate to reflect the infrared 
and transmit the visible. As shown in Table 3-6B, several beamsplitter 
coatings were considered. 

Gold was the first candidate, but has been eliminated because it 
requires an overcoating in order to be durable and to have acceptable visible 


transmittance. When used at a 45° angle of incidence, the overcoating 
causes undesirable regions of spectral absorptance due to reststrahlen 
effects. The inconel and the chrome coatings are both durable, but do not 
give the required performance. Indium oxide was chosen because of its 
better spectral characteristics. (See Figure 3-21. ) It should be noted that 
the values of Figure 3-21 can be traded off. That is, the infrared reflectance 
can be increased to say 95 percent, but this would lower the star tracker 
optics transmittance to approximately 5 percent. 

Predicted Transmittance of the IR Telescope 


The predicted transmittance of the telescope (neglecting obscuration) 
for all wavelengths from 1 to 1000 pm will be greater than 


where 


T = = (0. 92)^ 0. 85 = 60 percent 


Rj^ is the reflectance of a mirror surface 
Rg is the reflectance of the beamsplitter 
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Figure 3-21. Transmittance and reflectance as a function of 
wavelength of the OCLI indium oxide beamsplitter coating. 
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Predicted Transmittance of the Star Tracker Telesc ope 

Including glass absorption, the predicted transmittance of the visible 
portion oi the SIRTF telescope is 

T - R^T T^^T = (0.96)^ 0.78 (0.9925)^^(0.99)^'^^ - 53 percent 

^ ^ MBS g , 

■where 

T = bulk transmittance of one cm of glass 
g 

T = average transmittance of the beamsplitter from 0. 5 to 0. 9 P-nn 
B 

T = average transmittance of the antireflection coated glass 
^ surfaces from 0. 5 to 0. 9 prn 

Note that 0. 0075 average reflectance per surface was used for the 0. 5 to 
0. 9 P-ni region. 

Predicted Transmittance of the Alignment Laser Energy 

T - T T^^T = (0.96)^ 0. 81 (0.9975)^^ (0.99)^'^® = 59 percent 
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where 

o - 

T = transmittance of the beamsplitter at 6328 A 
B 

o 

T = transmittance of the coated glass surfaces at 6328 A 
L 

Star Tracker Ghost Images 

The use of a laser beam as part of the SIRTF stabilization system 
raises the question of whether ghost images of the laser beam can interface 
with tracking on a faint guide star. (The stabilization subsystem is discussed 
in detail in Section 3. 5. ) 

The antireflection coatings on the refracting surfaces of the relay 
optics for the star tracker can be peaked for minimum reflectance at the 
laser wavelength, 0, 6328 pm and at the same time have less than 1 percent 
reflectance from 0. 5 to 0.9 pm. A reasonable value for the reflectance at 
0. 6328 pm is 0. 25 percent (see Figure 3-22). Since a ghost requires at least 
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Figure 3-22, Reflectance per surface as a 
function of wavelength for OCLI extended 
HEA on 522-595 glass (Schott K5). 


two reflections, using this coating will reduce any potential ghosts to at least 
6 X 10“^ of that of the main beam. The minimum intensity guide star is 
fourteenth magnitude, and the maximum intensity for the laser beam is the 
equivalent of ninth magnitude. Thus, the ghost of the laser beam will be 
twenty-second magnitude. Therefore, the brightest ghost of the laser beam 
will be 1. 6 X 10"^ of the minimum guide star and no interference from laser 
ghosts is anticipated. 

On the other hand, if a single layer magnesium fluoride antireflection 
coating such as that of MIL-C-675, were used, the minimum reflectance 
would be approximately 1. 75 percent. Thus the laser at the brightness of 
ninth magnitude would give a ghost approximately as bright as a seventeenth 
magnitude star. This is four visual magnitudes fainter than the star being 
tracked but the larger margin offered by the high efficiency anti-reflection 
(HEA) coating is preferred. 



Summary 


The values for reflectance and transmittance presented in this section 
are based on measured data using small witness samples. However, there 
should be no problem in coating the full size hardware with equally good coat- 
ings, In all cases the transmittance and reflectance values used in the calcu- 
lations are not quite as good as the measured values. This allows for loss in 
performance due to handling during the manufacturing and testing phase of the 
program. During the detail design of SIRTF a trade-off study of the beam- 
splitter visible transmittance versus its infrared reflectance should be made. 
All of the coatings considered will withstand the entire enivorninental require-^ 
ments of MIL-M- 13508. 

The environmental capabilities and the spectral performance of the 
above coatings can be achieved on flight hardware and meet the SIRTF 
requirements. 

3. 2, 4 Out-of-Field Source Rejection 

The sensitivity of the SIRTF telescope can be seriously degraded by 
the background generated by infrared energy that is diffracted or scattered into 
the field of view from sources (e. g. , sun, moon, earth) outside the field of 
view. To reduce this background, several design approaches are used; 

(1) low-scatter mirrors are used to limit the scattering of out- of- fie Id energy 
into the field of view; (2) high absorptivity cold baffles are placed so as to 
intercept the out-of-fieid energy; and (3) a sun shield is located at the front of 
the telescope. The sun shield serves the further purpose of limiting the 
thermal load on the telescope cryogen subsystem. 

This section presents the estimated detector flux density for this 
telescope over an extended range of horizon angles, from 20 to 60 degrees. 

Scan modulation (flux density change) is presented over the same range. 

Photon flux from the sun and the moon are also presented over the full range 
of off-axis angles. The contribution of zodiacal emission is estimated, as 
well as the effect of scanning along the gradient of zodiacal emission. Finally, 
the effect of scanning the first folding mirror for stabilization purposes is 
investigated. 
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Telescope Definition 

The configuration and pertient dimensions of the StRTF telescope are 
shown in Figure 3-23. The dimensions of the specular sunshade are such 
that the baffles are not directly illuminated at source angles equal to or 

greater than 45 degrees from the optical axis. 

The scattering characteristics for the primary and first folding 
mirrors were assumed to be those of a bare beryllium surface. These 
characteristics are described by the BRDF (bidirectional reflectance distri- 
bution function) which is the relative power scattered per steradlan as a 
function of angle from the specular beam. The measured BDRF for bare 
beryllium is given in Figure 3-24. The diffuse component of reflectance for 
the conical shield was assumed to be 1 percent, and the distribution was 
assumed to be Lambertain. The baffles and walls were assumed to have 
surfaces of Martin black, with a diffuse reflectance of 1 percent. 
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Figure 3-24. Bi-directional reflectance 
distribution function for bare beryllium. 

Off -Axis Rejection 

At source angles greater than 45 degrees from the optical axis, the 
only source of radiation entering the baffle tube is that which is scattered 
from the specular interior of the conical shield. At source angles less than 
30 degrees from the optical axis, radiation could reflect directly from 
illuminated baffles to the folding mirror, and at source angles less than 
15 degrees from the optical axis, the primary mirror would be directly 
illuminated, so angles of less than 3 0 degrees are to be avoided. The photon 


flux at the center detector due to all scattering mechanisms is shown in 
Figure 3-25 for the spectral band between 5 and 15 micrometers. The con- 
trihution due to diffraction was calculated and found to be negligible compare 

to scattering. 

The earth contribution is for a height of 400 km. The sun and moon 
were considered to be point sources (actually they subtend about 0.5 degree). 



Figure 3-25. Focal plan irradiance due to 
out-o£-fleld sources (5-15 pm). 








The emitted radiance from the full moon is several orders of magnitude 
higher than the radiance due to sunlight reflected from the moon. It was 
assumed that the moon was full and that the peak temperature (at the center) 
is 373°K. The average radiance of the moon was calculated by assuming 
that the energy received from the sun falls off as the cosine of the angle of 
incidence and that the 4th power of the temperature is proportional to this 
energy. The "requirement" in Figure 3-2? is that photon flux which will 
just allow the SIRTF telescope to meet its NEP requirements. It can be 
seen that SIRTF will meet the requirements for all angles greater than 30° 
off axis. 

Offset (Scan Modulation) 

The modulation due to scanning perpendicular to the earth horizon 
(offset) was calculated, and is presented in Figure 3-26, There is no modula- 
tion due to scanning parallel to the horizon. Values were calculated for both 
ends of a detector array 15 arc minutes long, and for the center. The number 
presented is the difference between the photon flux values received at each 
end of a 15 arc minute scan. The "+ end" of the array is tiie end farthest 
from the earth edge. At horizon angles greater than 40 degrees, the "- end" 
of the array receives the highest irradiance, while at horizon angles less 
than 40 degrees, the "+ end" receives the highest irradiance. At about 
40 degrees, the two effects tend to offset each other, so an estimate of the 
variation caused by scanning is represented by the dotted lines. 

The "requirement" in Figure 3-26 is set a factor of 10 below the static 
background requirement as shown in Figure 3-25, in order to avoid offset 
interference with short -integration observations. For long-integration 
observations, telescope wobbling must be employed to cancel the offset. 

Zodiacal Emission 

The effects of zodiacal emission on background photon flux were 
investigated. The zodiacal emission data were based on a Hughes model 
which has the average absorptance of the interplanetary dust equal to 0. 6 and 
the emissivity equal to 0, 9 at a wavelength of 13 micrometers. (Further 
discussion of zodiacal emission appears in Section 3. 6. 3, ) This particular 
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Figure 3-26. Change in focal plane flux due to 
space chop. Pin 6 perpendicular to the earth 
horizon (5 to 15 pm). 

case is shown in Figure 3-27 for the plane of the ecliptic. The estimated 
photon flux at the center detector is shown in Figure 3-25. for two elongation 
angles in the plane of the ecliptic -- 45 degrees (the minimum angle required 
between SIRTF and the sun) and 180 degrees (the minimum value attained). 
The zodiacal emission value is in fact quite uniform throughout the entire 
anti- solar hemisphere. 

The effect of scanning along the gradient of zodiacal emission in the 
plane of the ecliptic was investigated. Ihe contribution to scan modulation 
comes from three sources: the changes in directly-viewed radiation as the 
field of view moves along the gradient, the change in zodiacal radiation 
scattered from the telescope, and the apparent change in collecting aperture 
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Figure 3-27. Sky radiance from zodiacal 
emission. 

due to the tilting of the second folding mirror, which defines the aperture. 
The contributions from all three sources are presented in Table 3-7 for the 
case of three difference scan angles, when scanned at an elongation angle of 
45 degrees in the plane of the ecliptic. As would be expected, the chanp^e in 
directly- vie wed radiation is by far the largest source. The case of scanning 
perpendicular to the earth at a horizon angle of 30 degrees is presented for 
comparison. It is seen that this is over two orders of magnitude below the 
detector photon flux from scanning zodiacal emission. 
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TABLE 3-7. CHANGE IN DETECTOR IRRADIANCE WITH SCAN 
(Values in photons/ cm^- sec in the Focal Plane) 



Half Scan Angle 

Source 

7. 5 min 

30 s^ 

2. 5 s^ 

Zodiacal emission — 45*^ elongation 
change in directly viewed radiation 
change in scattered radiation 
effect of apparent aperture change 

7. 2 X 10^ 
2, 3 X lo"^ 
2. 5 X 10^ 

4.8 X 10^ 
1. 5 X 10^ 
1. 1 X 10° 

4. 0 X lO'^ 
1. 3 X 10^ 
7.7 X 10’^ 

Earth background 
30° horizon angle 

2. 5 X 10^ 

1.6 X 10^ 

1. 3 X 10^ 


Internal stabilization of the SIRTF image has been considered using 
either the first or second folding mirror. For stabilization, the only varia- 
tion in the background flux is due to the change in zodiacal emission scattered 
from the optics, and as shown in Table 3-7. the effect is small if the stabili- 
zation is done by the second folding mirror. In the case of tilting the first 
folding mirror for stabilization control, the maximum mirror tilt possible 
before vignetting occurs is ±3. 95 arc minutes. This corresponds to a change 
in object space of ±2. 5 arc minutes. The change in detector photon flux if 
the first folding mirror tilts this amount along the gradient of zodiacal emis- 
Sion at an elongatton angle oi 45 degrees is 7. 7 x 10^ photons/cm -sec, again 
well below the other effects, but in order to achieve larger correction angles 
and to enable use of the chopping drive for LOS stabilization (Section 3. 5) 
second-folding-flat chopping is preferred. 

Su mmary of Results 

The steady state levels of background flux are all summarized in 
Figure 3-25 for the 5 to 15 micrometer band. It is seen that the contribution 
from the sun is equal to or higher than that from the earth, but never by more 
than an order of magnitude. Ihe contribution from the moon is far less than 
that from either the earth or sun. The requirement for the maximum value 
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of background irradiance is shown, and the background for all three sources 
is below this requirement. The contribution from zodiacal emission is shown 
for two elongation angles, the second of which can be regarded as a minimum 
value. The values are shown as horizontal lines because they are indepen- 
dent of earth and moon angles. The background from zodiacal emission 
is considerably higher than the requirements for both cases, and much higher 
than the background from the sun or earth except at source angles below 
15 degrees. Thus zodiacal emission will increase SIRTF NEFD in the new 
IR by 1/2 to 1 order of magnitude. (This is discussed fully in Subsection 
3. 6. 2. ) The modulation from scanning along the gradient of zodiacal emis- 
sion, as shown in Table 3-7, is over two orders of magnitude higher than 
the modulation caused by scanning perpendicular to the earth at a horizon 
angle of 30 degrees. The modulation caused by adjusting the tilt of either 
the first or second folding mirror for stabilization, along the gradient of 
the zodiacal emission, is much lower than that caused by scanning perpen- 
dicular to the earth at 30 degrees, for the expected stabilization scan angles. 

Summary 

The analyzed design meets or exceeds the static off-axis requirements 
of the SIRTF specification for the off-axis earth, sun, and moon. In addition, 
it is also possible to meet the Hughes- generated requirement for scan modula- 
tion while implementing space chopping perpendicular to the earth at 30 from 
the horizon. Direct-viewed zodiacal emission may dominate all these effects, 
holding SIRTF performance in the ecliptic plane to a factor of 100 better than 
comparable ambient -temperature telescopes. 

3. 2, 5 Effects of Contamination 

The off-axis rejection analysis of the SIRTF telescope was made assum- 
ing clean optics. Contamination of the optical surfaces will reduce the rejec- 
tion capability of the telescope. This section addresses the effects of cryo- 
contamination; i. e. , condensation of such gases as O^, N^, CO^ and water 
vapor on the cold (15-20 K) optics. The probability of occurrence of contam- 
ination and its overall effect on performance is discussed in Section 3, 6, 3, 

Most of the work on cryo -contamination has been concerned with 
changes in emittance and reflectance (Reference 3-1, 3-2, 3-3), The work 
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that has been done on scattering has been so limited in scope that it can only 
be qualitatively applied to this study (References 3-4, 3-5). For this reason 
the study was done in two parts. First a worst case analysis was made based 
on a pessimistic assumption. In the second part of the study, the available 
measured data was compared with the worst case analysis. 

Scattering from Rough Surface 

To make the worst case estimate first consider scattering from a 
rough surface. For a qualitative approach, first formulated by Rayleigh, 
consider the two reflected rays in Figure 3-28. The path difference between 

the two rays is 

Ad = 2h cos 0 

and the phase difference is 


A$ = 



4-irh 

\ 


cos 6 


(3. 2. 5-1) 


For = TT, the two rays will destructively interfere and the scattering is 
complete. For A$ < tt the scattering is partial. The scattering is thus 
shown to be a function of the distribution of phase of the reflected radiation 

(or equivalently the distribution of surface heights). 

A more exact analysis (Reference 3-6) shows that the angular distri 

bution of the scattered radiation is also dependent on the distribution of 



Figure 3-28. Path difference due to a 
rough surface. 
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slopes but the total scattering is only dependent on the rms surface roughness 
The relation between total scatter and surface roughness is 

S,p = (4 -ttct/K)^ R cos e {3. 2. 5-2) 


where 


Srj, = total scatter 
(X = rms surface roughness 
R = surface reflectivity 
G = angle of incidence 

There are several approximations which appear in the derivation of 
Eq. 3. 2. 5-2 but it is accurate enough for the worst case analysis. 

Since the total scattering is only dependent on the phase shift of the 
reflected radiation the analysis may be extended to the rough transparent 
layer shown in Figure 3-29. The phase shift for these two rays (with 6 = 0) 

is 

A® = 4Trh(n-l)/X (3. 2. 5-3) 


where n is the index of refraction of the rough layer. Comparing the phase 
shifts in Eqs. (3. 2. 5-1) and (3. 2. 5-3) we can write an analogous expression 
to Eq. (3. 2. 5-2) for total scatter (again with 0=0). 



Figure 3-29. Path difference due to a rough layer. 
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(3.2. 5-4) 


= [(4it(r(n-l)/\)]^R 

The situation is complicated by the fact that the amplitude of the 
scattered wave is the sum of the amplitudes of the radiation scattered from 
the top of the layer and the radiation scattered by passage through the layer. 
Since the indices of refraction of most of the cyro-deposits considered here 
are low, the surface contribution may be ignored and Eq. (3. 2. 5-4) used. 

Worst Case Analysis 

Assume that at the very worst, a cryo-layer of average thickness h 
is completely rough. For a uniform distribution of maximum height 2h the 
rms roughness 

cr = h/^/3 (3. 2. 6-5) 

From Eqs. (3. 2. 5-4) and (3. 2. 5-5) (assuming R = 1) the maximum allowable 
cryo-deposit thickness as a function of wavelength and cryo-deposit refractive 
index is obtained: 

h< . T T (3. 2. 5-6) 

4ir(n-l) 1 

The off-axis rejection analysis can be used to calculate the allowable 
total scatter. The predicted scattering at 45° is about a factor of 10 below 
the specification. This analysis was made assuming a mirror with a total 
scatter obtained from Reference 3-7 of 3 x 10 . Thus if the total scatter 

3 

is increased by a factor of 10 to 0, 3, 

h < 0. 075 X/(n-l) (3. 2.5-7) 

For n » 1. 3 and X =10 |xm (the earth limb peaks strongly at this wavelength) 

the maximum allowable cryo-deposit thickness is 

h< 2.5 pm (3. 2. 5-8) 
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The number of corresponding mono-layers is shown in Table 3-8 


Empirical Results 

Scattering measurements on cryogenically cooled surface are quite 
difficult and very little data exists. The visible scattering measurements by 
Viehmann et. al. (Reference 3-4) and 10. 6 ^xm scattering measurements by 
Young (Reference 3-5) do confirm that the previous analysis is pessimistic. 

The key is the manner in which the contaminants are deposited. If 
they form lamellar layers (homogenous films of uniform thickness) then they 
will scatter very little. For example Young found no significant increase in 
scattering for layers of as thick as 25 fim. This is of particular signifi- 
cance since Young used a state-of-the-art low scatter mirror. Viehmann 
reported little change in visible light scattering for film thichnesses below 
2 pm. Table 3-9 lists the contaminants investigated. 

If the film does not form a lamellar layer but fractures into diffusely 
reflecting fragments, the scattering will increase by orders of magnitude. 

The conditions under which fracture occurs are varied and not well understood 
Arnold observed occasional fracturing of NH^ layers and attributed it in part 
to previous contamination of the mirror by N^. He observed that H 2 O 
deposition at 20°K took on a hazy appearance when the mirror was raised to 
S0°K. Some fracturing CO^ layers were also observed. Young observed 
fracturing of cryo deposits when the mirror temperature changed after the 


TABLE 3-8. NUMBER OF MONO- LAYERS IN 2. 5 pm 


Cryo -Deposit 

Density'"' 

Number of Layers 

°2 

^2 

NH 3 

C°2 

^2° 

1. 52 g/cm^ 
0.93 

0 . 94 

1. 67 
1. 0 

7 . 6 X 10 ^ 
■ 6.8 

8 . 0 

7. 1 

8 . 0 

'''Values from 

Reference 3-5 




Young 


1. 24 
1. 31 
1.34 


H^O 


60 percent N^. 40 percent NH 3 
33 percent 67 percent 


Viehnnann Water 1.36 

Acetone 

1. 3o 

Ethanol 1 32 

Methanol 1 33 

2 -Propanol , eo 

1. 53 

Toluene 1 36 

Silicon Oil (DC-200) 

1.49 

Benzene 1 48 

Tricholoroethylene 

• j 1.30 

Carbon Dioxide 

second set by Viehmann.^ ' ' — 

•KKr fViP result of thermal stress. Young also 

deposits had formed, possib y . , -4- f -Nr after 

. • =.Hncrease in scatter from a 6 (.m deposit or after 

observed significan increase when an 

4 . A -Hra noticed an even greater increase wwc 

3 pm had been evapora e . ^ r the partially evaporated layer. 

additional 3 pm of N, were deposited on top of the parttally 



The above has covered only the increase in total scattering, saying 
nothing about the change in the angular distribution of the scattering/'' It has 
been Hughes experience (verified by Young) that the scattering from contami- 
nated mirrors increases faster at large angles than at small angles. For 
example, if the total scatter increases one order or magnitude, the BRDF 
at 60° might increase two orders of magnitude. The off axis rejection study 
has shown, however, that the main contribution comes from scattering angles 
on the optics between 5° and 20°. In this range the total scatter and the 
BRDF increase approximately proportionately. 

Conclusions 

The results of this study give an estimate of the cryo deposit scatter- 
ing problem. The worst case analysis indicates a maximum allowable deposit 
thickness of about 2, 5 pm. This analysis is pessimistic, however, and the 
available measured data indicates that deposits of an order of magnitude 
thicker cause no degradation in scattering performance. In addition the 
results of Section 3.6. 3 indicate that deposited or condensed contaminants 
are unlikely to occur. 

3, 2, 6 Optical Engineering 

This section covers the development of the SIRTF optical design from 
a purely mathematical solution into physically realizable hardware. This 
include^ material selection, opto-mechanical tolerancing, mirror design and 
analysis, mirror mounting methods, and alignment and test procedures. For 
SIRTF the dominant constraints are maintaining the specified resolution in 
the thermal and mechanical environment at minimum cost. The telescope 
must attain its performance requirements under zero gravity conditions with 
20K optics which were manufactured, aligned, and tested at 300K under full 
earth gravity. 


'^'Usually presented in terms of the bidirectional reflectance distribution 
function (BRDF), a measure of the scattering per sterdian in a parti- 
cular direction. 
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Material Selection 


There are two basic approaches for designing optical systems which 
must be built and tested at room temperature and used at cryogenic tempera- 
tures. The first is to build the mirrors and critical mirror support structure 
out of a single material or out of two materials whose coefficients of thermal 
expansion closely track each other over the temperature range. Cooling the 
telescope from room temperature to cryogenic temperature then causes the 
entire telescope to contract uniformly, so that it remains aligned and in 
focus. 

The second approach is to select materials for the mirrors and for 
the structure independently, the mirror material being chosen on the basis 
of good optical and thermal properties, and the structural material on the 
basis of structural and thermal properties, and cost. It is then necessary 
to design mirror mounts which will not transmit stresses to the mirror as 
the temperature changes, and to provide a focusing adjustment. 

Both approaches were studied for SIRTF. For the first (single 
material) approach, beryllium is the only material which combines all the 
necessary properties. Glass, pyrex, and silica mirrors (for which there 
are structural metals with closely matching coefficients) are ruled out 
because of their low thermal conductivity which results in long cool-down 
and warm-up times, large thermally- induced stresses, and slow diffusion 
of thermal gradients. Aluminum is an excellent structural material, but is 
not sufficiently stable for use as a material for a 1 -meter primary mirror 
where diffraction-limited performance at 5 pm is required. Performance of 
berylTicm and aluminum as optical materials is discussed in the immediately 
following subsection. 

The selected approach for SIRTF is beryllium mirrors and an aluminum 
structure. The choice of aluminum as the structural material and the design 
of the mirror mounts with the required characteristics are discussed under 
mechanical design (Section 3, 3, 1), 
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Optical Materials 


The selection of a material for the primary mirror is based on 
considerations of achievable optical surface quality, and temporal and 
thermal stability. Surface quality can be improved by application of electro- 
less nickel plating over the mirror substrate material; however, as will be 
discussed below, the bimetallic thermal stresses induced over the tempera- 
ture range of the SIRTF mirror will degrade the mirror's figure. Beryllium 
properties will be discussed first, followed by a discussion of aluminum. 

Beryllium technology for optical applications has developed extensively 
over the past se .ral years. As recently as 1970. total integrated scatter 
of 0. 1 percent of the Incident energy outside a 1 -degree specular cone was 
considered a state-of-the-art polish. Since that time, the basic material 
has improved and changes in polishing techniques have given further reduction 
in surface scatter. The two best current grades of beryllium for bare optics 
in the sizes required are HP-81 for KaWecki-Berylco, and I-70A by Brush- 
Wellman. These are fine grain, low oxide, high density, hot pressed block 
materials. Current size capacity has been demonstrated for mirrors up to 

approximately 1.6 meters in diameter. 

Due to the well baffled characteristics of the double folded Gregorian 
design it is possible to meet the background requirements using currently 
achievable scattering from conventionally polished HP-81 or I-70A. It is 
not necessary to rely on the successful development of current experimental 
low scatter techniques such as chemical-mechanical polishing or sputtering 
of an amorphous beryllium surface layer on hot pressed block. 

The temporal stability of properly machined beryllium has been well 
established. In 1969 Hughes designed a 20 prad resolution space sensor with 
a 33 cm diameter f/1. 5 primary mirror. Two beryllium temporal stability 
test mirrors were fabricated to better than X/8 (peak to peak) at 0. 5896 pm. 

These mirrors were processed carefully and fully stress relieved to 
arrive at a very stable condition and then periodically examined over the 
following four years. One mirror was bare beryllium and the other was elec 
troless nickel plated. The results of those measurements are given in Fig- 
ure 3-30 where the rms figure change is plotted as a function of time. The 
basic precision of the measurement equipment is «0.02X rms at 0.6328 pm. 



Figure 3-30. Temporal stability test results. 

These mirrors continue to exhibit extremely good temporal stability 
Over 3.8 y^ars o£ surface change is on the order of 0. Olp rms for both the 

slb-r """ This level of temporal 

stab.lrty stgmfrcantly exceeds that required for the SIRTF optical system. 

The above test indicates that, with proper processing and stress 
re levrng, very stable beryllium mirrors can be obtained. However, with 
improper processing, a poorly relieved mirror will warp two orders of 
magnitude more than the test mirrors cited above, i. e. , on the order of 
5 wavelengths at 6328 pm. This would seriously degrade the SIRTF perform 
ance at the short wavelength end of its operating region. Detailed fabrication 
rawings and careful material and machining specification can ensure fabrica- 
tion of mirrors with the necessary temporal stability. 

Processing of the beryllium is extremely important because elastic 
ermal steams can be imposed on the mirror figure by a uniform tempera- 
re change acting on the inherently anisotropic material. Ihe coefficient 

0 ermal expansion of beryllium perpendicular to the C-axis (10. 6 x IO-^ok'* 

IS 38 percent larger than die coefficient parallel to the C-axis 

(.10 K ). The standard grades of commercially available beryllium 

used for the past ten years randomise the basic powder mix well 

enoug that the residual anisotropy is usually less than 8 percent. However 
c new optical grades of material (HP-81 or I-70A) use improved powder 

processing techniques and achieve uniform expansion in all directions to within 

1 percent. 



The powder used for compaction is impact ground to give small chunky 
pieces rather than the normally used spherical powder. X-rs diffraction 
studies show the crystal orientation to be very random, and coefficient of 
thermal expansion measurements on both laboratory and production pressings 
show uniform expansion. Interferometric measurements at Hughes on a 33 cm 
diameter f/1. 5 I-70A beryllium mirror at cryogenic temperature verifies the 
greatly improved thermal stability of this new optical grade material. 

Limited published data (Reference 3-10) indicate a residual thermal 
instability on the order of 0.18 to 0.36 x lO'^X rms/°K for two I-70A mirrors, 
13 cm (5 inches) in diameter, and one 43 cm (17 inches) in diameter. This 
was obtained over an approximate thermal range of 85°C to -60°C. 

If one assumes that elastic thermal instability is directly related to 
the thermal coefficient of expansion, then the anisotropic expansion errors 
should not continue to grow at this rate all the way down to 20 *^K since the 
coefficient of expansion drops rapidly below 100°K. Figure 3-31 is a plot of 
or and AL/L for beryllium (Reference 3-11). In going from room temperature 
(293°K) to -60°C approximately 60 percent of the total shrinkage has been 
experienced while going through only 27 percent of the temperature range. 

If one assumes that 60 percent of the anisotropic errors have been introduced 
when 60 percent of the basic shrinkage occurs, then the total shrinkage from 
room temperature to 20°K should be in the range of: 

(0.18 X 10“^ X rms/°K) (80°K) ( 5 -^) = 0.024 X rms 
to 

(0.36 X 10"^ X rms/°K) (80°K) (y^) = 0.048 X rms 

(X = 0. 6328 fxm) 
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Figure 3-31, a. and AL for beryllium. 

If the 0, 048 \ rms represented a true worst -case prediction, then the 
residual errors would be X/66 rms a.t 5 iJ-m, and less at all longer wave- 
lengths, which is truly insignificant. Unfortunately this predicted range is 
from only two small samples tested over a limited temperature range. 

The largest beryllium mirror tested to date over substantial tempera- 
ture range is the 86 x 81 cm (34 x 32 inches) LALOS (Large Aperture Light- 
weight Optical System) scan mirror machined by Speedring from a I-70A 
billet. The design, optical fabrication, and test was performed by Perkin- 
Elmer, Norwalk, Connecticut. There are larger elements in the system, 
but they have not been completely fabricated. Speedring has completed the 
machining of a 165 by 102 cm (65 x 40 inches) f/0.67 secondary mirror, but 
Perkin- Elmer has not done any optical fabrication. The mirror design and 
test methods have been described (Reference 3-12) but the actual test results 
were not formally reported. A summary of the first look data reduction given 
informally is presented in Table 3-10. 
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TABLE 3-10, LALOS SCAN MIRROR PRELIMINARY DATA 


Temperature 

(°K) 


Residual 
Error 
(\ RMS) 



. 064 
. 10 
. 17 
.25 
0. 30 

0. 057 


Change 
(\ RMS) 


0 

0. 036 
0. 106 
0. 186 
0. 236 

No Reduced Data 
0. 007 


(\ = 0. 6328 pm) 


^T " ^300 

Et - 

AT 

(X RMS/°K) 

20 

(X RMS/°K) 

0 

0. 0018 
0. 0026 
0. 0031 
0. 0030 

0 

0. 0018 
0. 0035 
0. 0040 
0. 0025 


The mirror has been cycled to 150°K, but the errors were large 
enough that the automatic fringe scanner could not reduce the interferograms. 
That data is being reduced by hand, but no results are currently available. 

The 300°K point at the bottom of the table represents the mirror after the 
thermal cycle. This indicates that the errors were all elastic since the 
0. 007 X. rms deviation from the pre-cycle condition is well below the 0. 02 \ 
rms test accuracy. The fact that the errors are ail elastic implies that the 
mirror was well machined, has been well stress relieved, and should have 
excellent temporal stability. 

The next to last column of Table 3- 10 (E^ - Ejqq/AT) is a measure 
of the average error introduced in going from 300°K to T, The last column 
(Erp - Err , on/20) is the rate of anisotropic error generation during only 
the last 20 degrees prior to reaching temperature T. The first thing one 
notices is that the error rate is approximately an order of magnitude larger 
than previously reported for I-70A mirrors. As a matter of fact, the error 
rate is larger than for several mirrors of less random mcvterial. Even more 
surprising is the fact that the error rate grows with decreasing temperature 
to 240°K before starting to fall off. This is not consistent with behavior of 















the coefficient of expansion, but may be consistent with a mismatch to the 
titanium mount. Based on examination of the interferograms taken at reduced 
temperature, it appears that the mirror may be bending slightly in addition 

to experiencing some random irregularity. 

In light of the preliminary nature of the data as well as the large errors 
and possible bending, it would be prudent to treat the data with some reserva- 
tion. However, using 0. 0030 X rms/°K (the average error rate from SOO^K 
to 220°K) the extrapolation to 20°K is 

( 0 . 0030 \ rms/°K) (80°K) (- 0 ^) = 0.40 Xrms 

At 6 pm this corresponds to X/8 rms which is good, but not insignificant 
with respect to diffraction limited operation. It may be that examination of 
the overall test program will uncover some unexpected problems which lead 
to the relatively large errors experienced. Of course it might be determined 
that the mirror in a free state would have better performance and this data 
represents what can be obtained in a mounted mirror (or this particular mir- 
ror, or that particular mount). However, even if the behavior of a large 
mounted beryllium mirror will be no better than reported here, the mirror 
can still be made suitable for SIRTF, since only a few iterations of room 
temperature polishing using interferograms obtained at cryogenic tempera- 
tures will suffice to reduce the residual X/8 rms at 5 pm to negligible levels. 

In order to demonstrate conclusively the suitability of beryllium for 
SIRTF use at 5 pm, several tasks should be accomplished. First, final data 
should be obtained to replace the preliminary data shown there. The data 
presented in Table 3-10 should be extended down at least to 80°K, and pre- 
ferably to 20°K to determine if the anisotropic errors truly fall off as a does. 
As one part of that verification, the two 33 cm f/l. 5 test spherical mirrors 
currently at Hughes could be measured at cryogenic temperature. One mirror 
is HP-81, and the other is I-70A. Comparison between them, and with the 
LALOS mirror is advisable. It would also be desirable to figure the large 
unfinished LALOS secondary mirror to a good sphere and test it at cryogenic 
temperature. This is valuable both because it is approximately the same size 
as the SIRTF primary, and because it is not a flat. The Table 3-10 data is for 


a smaller flat mirror, ancl anistropy out of the plane may be worse for a 
curved surface. 

In addition to any basic beryllium performance questions it is 
necessary to demonstrate performance of a mounted (constrained) mirror at 
cryogenic temperature. The modified Sar rut's mechanisms appear to be an 
excellent approach to providing low stress, low moment coupling between a 
beryllium mirror and aluminum structure over the large temperature range 
required. If successful, this concept will provide a significant cost savings 
by using the weight carrying capability of Shuttle to allow aluminum structure 
instead of beryllium. It Is absolutely essential that this design be modeled 
and tested prior to detailed design of the telescope in order to determine 
if this two-material design concept will truly give adequate performance. 

Aluminum as a mirror material for cyrogenic applications is deficient 
compared to beryllium in both surface quality and stability. Aluminum can- 
not be polished to an optical quality surface using standard optical polishing 
techniques. The current effort to produce high quality aluminum mirrors is 
based on single- point diamond turning, and useful mirrors of moderate size 
are being fabricated for applications where low scattering is not a require- 
ment. Figure 3-32 shows BRDF's for two small (3. 8 cm dia - 1, 5 in dia) 
mirrors produced by diamond turning at Lawrence Livermore Laboratories 
and measured at Hughes, The BRDF is seen to average an order of magni- 
tude higher for scattering perpendicular to the machining grooves and to 
range between an order of magnitude higher to equal for scattering parallel 
to the grooves. The Lawrence Livermore capability is currently limited to 
about 46 cm (18 in). Union Carbide-Oak Ridge has the capability for turning 
mirrors up to 2 meters (80 in) diameter with surface accuracy to 7. 5 pm. 

No scattering data on these mirrors is known. Diamond-point turning is in 
an activ-e state of development so that substantial improvements may be 
expected in the next few years. 

The usual approach with aluminum mirrors is to deposit an electro- 
less nickel coating on the figured surface, and to form the final figure and 
polish on the nickel. This approach works well in applications where the 
mirror experiences only small temperature changes, or the minimum wave- 
length of interest is relatively long, so that the diffraction blur is large, and 
mirror figure is not critical. 
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Figure 3-32. Scattering of single-point diamond turned 
aluminum mirror samples compared to bare beryllium. 

Due to la-ck of data on large nickel- plated aluminum mirrors, the 
problems with this approach must be approached via beryllium (Reference 
3-12A). Nickel-plated beryllium mirrors exhibit a surface figure degrada- 
tion an order of magnitude worse than the acceptable value for SIRTF. Since 
the same mirrors are temporally stable when not temperature cycled, the 
degradation is attributed to bi-metallic thermal stress. The thermal mis- 
match between aluminum and nickel is eight times worse than that between 
beryllium and nickel (see Table 3-11). 

Thus nickel plating is not a solution to the surface quality problem 
of aluminum. 
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TABLE 3-11. THERMAL EXPANSION COMPARISON 



Coefficient of Thermal 
Expansion, ^(K"^ x 10°) 

X 106) 

Aluminum 

23. 9 

10. 9 

Beryllium 

11. 7 

-1.3 

Nickel 

13. 0 

— 


In addition to its surface finish problems, aluminum does not have 
good dimensional stability. Precision heat treatment and machining processes 
have been developed for tooling and other precision applications, but these do 
not supply the precision required for the SIRTF primary mirror. In the 
absence of published material on aluminum mirrors, the following organiza- 
tions were contacted to provide corroboration of the above: 

• Applied Optics Center 

• University of Arizona, Optical Sciences Center 

• North American Rockwell 

• Aerospace Corporation 

• AVCO 

• Honeywell 

• Lawrence Livermore Laboratory 

• Perkin-Elmer 

All agreed that aluminum should not be used for large mirrors which 
were to be cooled to cryogenic temperatures. Rockwell and Aerospace cited 
experience indicating acceptable performance at 0. 1 mr (-20 arc sec) for 
mirrors up to 58 cm (23 inches) cooled to 4K. Honeywell measured 3 fringes 
(visible) shift on a 20 cm (12 inches) mirror cooled to 4K; a 63 cm (25 inches) 
mirror changed a larger, unknown amount. The University of Arizona 1 meter 
aluminum mirror operates satisfactorily at the 29 km balloon float altitude 
(220-230K), Although telescope data is not known, the minimum detector 
size used is 30 arc sec diameter. Hence none of these mirrors can provide 
a basis for design and fabrication of the SIRTF primary mirror. 



Optical Fabrication 


SIRTir “P ‘he preltoinary design of the 

rtf optical system are all well within the current manufacturing state of 

e art. Allowing X/2 of irregularity in the visible does not unduly tax the 
capability of several good optical fabrication suppliers, yet would give 
approximately X/20 peak to peak allowance for static 'Iguring errors at 5 urn 
This gives essentially perfect optical elements and reserves the maximum 
tolerance possible for alignment and thermal distortion of the mirrors. 

• j ‘^“‘^hnesses were assigned using engineering 

ju gemem in order to get adequate space allocations into the optomechanical 
layout. These thicknesses were then evaluated on the basis of self-weight 
e ectlon when loaded to 1-g while being supported at the three mounting 
pomts. For flrst cut performance criteria 1/4 arc second maximum slope 
errors and X/10 maximum deflection at 5 ,im (e 20 x lO'^ inches) were 
assigned as reasonable limits to show adequacy of tt.e design concept. These 
are roughly equivalent numbers when compared to the diffraction Airy disc 
size, and to first order result in essentially undegraded imagery at 5 pm, 
^e.eience 3-13 describes the analysis in detail. To summarize that report 
the primary is slightly thin based on the above criteria, since the maximum 
slope was actually 0. 29 arc seconds rather than 0, 25 arc seconds. The 
m^^um deflection was 17. 6 x lO'^ inches. The other three mirrors are 
al thicker than required. When the mirrors are acbially designed in detail 
a set of Zernike polynominals will be fitted to the surface deformation cal- 
culated in Reference 3-13. These are then used to calculate total system 
per ormance mcluding diffraction, system aberrations, and the deformations 
e mirror design will be optimized based on the results of that analysis 
However, the work to date clearly indicates that the preliminary optomechanic, 

• performance, and design practices well 

in and will lead to an optimized design during the design phase of the 
program. 


The basic alignment philosophy of the double-folded Gregorian is well 
suited to the size and environmental requirements of the SIRTF system. The 
primary mirror is mounted to the structure with adjustment in txlt to adjust 
the axis of the ellipse parallel to the telescope structure. Axial adjustment 
is provided to relax focal length tolerances on the mirror and mechanical 
tolerances on the structure. The first folding mirror is adjusted in angle 
until perpendicular to the primary optical axis, and axial adjustment is pro- 
vided as well. The second folding mirror is adjusted in angle until parallel 
to the first folding mirror with the stabilization servo zeroed. Finally, the 
secondary mirror is adjusted in tilt until the ellipsoidal axis is parallel to 
the primary ellipsoidal axis. No centration capability is provided between 
the primary and secondary mirrors. (Analysis indicates the relative insen- 
sitivity to decentration of the elements. See Section 3. 2, 1, particularly 
Table 3-2. ) Cost and reliability are both enhanced by eliminating a complex 

and unnecessary adjustment capability. 

The telescope alignment and focus will be accomplished at room 
temperature. Focus and image quality will be checked in the visible portion 
of the spectrum. A full aperture test flat can be used in front of the system 
to allow double pass examination of the system performance at the focal 
plane. Alternately, a full aperture collimator can be used to provide a plane 
wave to the telescope. Either method is satisfactory; the autocollimation 
technique has size advantages; a smaller test laboratory can be used but the 
collimator approach is more direct and allows easier test interpretation at 
the expense of larger space requirements. In the one to two meter diameter 
size range there is no significant cost difference between a test quality flat 
or paraboloid. The determination will be made on the basis of desired tests 

and convenience. 

After verification of warm focus and image quality the elements will 
be adjusted axially to compensate for the predicted differential expansion 
between the beryllium optics and aluminum structure. This setting will be 
made manually, with the mechanized focus adjust on the first folding mirror 
set in the middle of its range. Cold focus will be verified after sensor cool- 
down by viewing the focal plane through a permanently installed set of windows 
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in the sensor cover. These windows will be coated to provide Low infrared 
emittance to minimize heat leaks while maintaining adequate visible trans- 
mittance for examination of the focal plane, through the optical system. By 
arranging the windows to act like the sampling holes of a Hartmann screen 
it is possible to verify focus and image quality at the MIC focal plane at 
operating temperature without building and qualifying a 1-2 meter or larger 
cryogenic optical test facility. The first folding mirror is mechanized and 
will be used to adjust focus, and if a significant fraction of its range is used 
to optimize focus during the first cryogenic cycle it will be reset to the center 
of its range and the whole unit adjusted axially to the corresponding distance 
when the sensor is brought back to room temperature. 

Optical Surfaces 

The mirrors -will all have a vacuum deposited silver reflectance layer. 
The final decision whether or not to overcoat has not been made. Candidate 
coatings, as well as the beamsplitter and refractive element coatings, are 
described in Section 3. 2. 3. The mirror scattering properties require no 
development over that currently obtainable through careful conventional 
polishing of optical grade beryllium. The Bidirectional Reflectance Distri- 
bution Function (BRDF) used in the off-axis rejection analysis is shown in 
Figure 3-24. 

The baffles are aluminum finished with the Mar tin- Marietta Optical 
Black Coating (a form of anodized aluminum). This coating was chosen for 
its excellent absorption over a wide spectral range. From 6 to 15 pm the 
reflectance is less than 1 percent, and from 15 to 120 pm the reflectance is 
approximately 1. 5 percent. 

Because the black surface is an optical surface, it is susceptible to 
contaminants which may be deposited on it. These can change its characteris- 
tics, because the contaminants, in effect, become the surface on which the 
light impinges. Also, much of the effectivity of the Mar tin- Marietta black 
surface is due to the microscopic physical texture of the surface. Abrasion 
can change this microscopic texture. For these reasons, it is of prime 
importance to ensure that nothing solid is allowed to touch the surface after it 
is produced. To insure this, the baffle assembly is assembled and then the 


Martin- Marietta anodize is applied. The entire baffle assembly can then be 
handled from the exterior, without touching the optical surfaces. If a local 
spot is damaged through abrasion, the reflectance is typically degraded to 
that of a normal aluminum black anodize, or approximately 10 percent. Due 
to the wide design margin in off-axis rejection, significant area degradation 
can be allowed without affecting system performance. The Mar tin- Marietta 
anodize is stable, and does not degrade with time as long as the above pre- 
cautions are observed. 

Summary 

Preliminary optical engineering analysis and judgement based on 
experience indicate that it will be possible to realize the required SIRTF per- 
formance with hardware in space at 20°K. Currently available beryllium 
material and manufacturing technology allow adequate surface figure and B RDF 
to deliver adequate image quality at temperature, with sufficient off-axis rejec- 
tion to meet the sensitivity requirements in the presence of the earth, sun, and 
moon. Preliminary mirror designs have been evaluated and provide accept- 
able stiffness with respect to one g-zero g distortion to maintain diffraction 
limited image quality. Mirror mount concepts have been developed which 
will allow use of aluminum structure with the beryllium optics. This takes 
advantage of Shuttle's weight carrying capacity to reduce SIRTF system cost. 

The work to date has developed a preliminary design which shows 
performance adequate to meet the statement of work requirements. All of 
the optical components are within the current state of the art, however some 
performance verification tests are recommended prior to detailed design and 
fabrication of the SIRTF telescope. Specifically they are. 

1. Further LALOS tests 

2. Test of Hughes 33 cm mirrors 

3. Breadboard and test of mirror mount concepts at cryogenic 
temperature 

These tests do not represent technical obstacles which must be over- 
come. Rather schedule requirements dictate that these items should be inves- 
tigated prior to detailed design and fabrication. 


* 


3. 3 MECHANICAL SUBSYSTEMS 

The mechanical and thermal subsystems of SIRTF are very closely 
integrated. The optical portion of the telescope, which is maintained at 
about 20°K, is mounted by a thermal isolator to the external vacuum shell 
which remains at ambient temperature. Radiation shields and superinsulation 
blankets mounted to the thermal isolator reduce the radiated heat loads. 

Within the cooled portion, mirror mounts and transition joints between dis- 
similar materials are designed to accommodate the differences in thermal 
contraction of the materials between room temperature and 20°K. 

Section 3. 3, 1 is a description of the mechanical structure of the tele- 
scope. Section 3, 3. 2 is a discussion of mirror thickness requirements and 
the resulting stability of tiie mirrors. Environmental study results are pre- 
sented in Section 3. 3. 3 including a structural analysis and an acoustic analysis. 
Mass properties of the telescope are summarized in Section 2. 3, and 3. 3. 4. 

Backup material is provided in Reference 3-15 (Mechanical Design 
Tradeoff Report). This consists of studies of methods of joining dissimilar 
materials, and tradeoffs of thermal isolator materials. 

3. 3. 1 Mechanical Structure of the Teles cope 

The SIRTF telescope system. Figure 3-33 (A and B) is comprised 
of an outer vacuum housing, thermal isolator, optical assembly, cryogenic 
subsystem, removable cover assembly, and a deployable sun/earth shade 
assembly. 

Outer Vacuum Housing 

The outer vacuum housing is an aluminum structure which serves two 
primary functions. First, it serves as a vacuum housing around the cryogen- 
ically cooled internal telescope assemblies. A vacuum housing is a necessary 
component of the flight system because the system will be launched precooled, 
i. e. , at operational temperature. Second, it is the structural load carrying 
member between the IPS (Instrument Pointing System) mount and the telescope 
thermal isolator and thus supports most of the system. It also performs the 
additional functions of mounting the earth/ sun shield assembly, the laser/gyro 
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package, the cryogenic tankage, and it has provision for electrical and 
cryogenic feedthroughs. Thus, the basic design requirements of the housing 
are that it be vacuum tight and that it withstand all applied or induced loads 
without structural failure. 

The vacuum integrity of the housing is achieved by design techniques 
and choice of housing materials. Elastomeric O-ring seals are used in ail 
joints for three reasons; (1) they allow easy and rapid assembly/disassembly 
of a joint, (2) the required joint sealing forces are relatively small, thus 
allowing a lightweight joint design, and (3) they have been highly successful 
in past designs. The elastomeric seals do not display significant outgassing 
or otherwise contribute to contamination. 

The housing material is 6061 aluminum. This material was selected 
because it has demonstrated success as a vacuum housing material, it has 
good structural properties combined with low weight, it is amenable to most 
manufacturing processes (e. g. machining, welding and forming), and it is 
readily available at economical cost. The structural sizing of the outer 
housing is described in Section 3. 3. 3, The selected approach is to use a 
cylindrical shell stiffened with rings and stringers. This provides a stiff 
structure with high natural frequencies and low weight. 

An additional design requirement that was imposed upon the outer 
housing was that the multiple instrument chamber (MIC) have direct and easy 
access. This requirement is incorporated into the design through the inclusion 
of the rear cover plate. 

It was also decided to subdivide the housing into several component 
parts to facilitate assembly and to alleviate fabrication problems with their 
associated costs by avoiding excessively large structures. 

Thermal Isolator Subsystem 

The thermal isolation subsystem is comprised of a thermal isolator, 
radiation shields, and multilayer insulation which covers the outer radiation 
shield. Its purpose is to provide thermal protection of the cryogenically 
cooled assemblies. 
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The fiberglass /steel thermal isolator is attached to the outer vacuum 
housing and the main optics support. It serves to both thermally isolate the 
cryogenically cooled assemblies from the warm outer vacuum housing and 
structurally support all the cooled assemblies. 

The isolator is comprised of three filament- wound, S-type fiberglass 
sections joined by steel retaining rings. The rings serve to mount the radia- 
tion shields and attach the isolator to the optics assembly and the outer 
vacuum housing. 

Because of the conflicting structural and thermal design criteria 
placed on the isolator, material tradeoif studies were performed prior to 
selection of the S-type fiberglass. Briefly, S-type fiberglass was selected 
because the fiberglass isolator's required size, i. e. , length and wall thick- 
ness, is more readily packaged than that of the other candidate, titanium. 

The study is presented in Reference 3-15. 

The aluminum inner and outer radiation shields are attached to the 
middle rings of the thermal isolator. The function of the radiation shields 
IS to shunt heat that enters through the insulation and is radiated between 
the shields by heat exchange with the cryogen. This is accomplished by 
routing the cryogen, after cooling the instruments and mirrors, through 
local heat exchangers located at selected points on each of the shields. In 
addition, the shields serve to shunt conducted heat through the isolator by 
virtue of their thermal contact to the thermal isolator. 

The radiation shields are large cylindrical shells (except the MIC 
covers which are circular flat plates) which are of a honeycomb construc- 
tion with 0.4 mm (0. 015 inch) face sheets and 13 mm (0. 50 inch) core 
thickness. Honeycomb was selected for two related reasons. First, its 
relatively low weight significantly alleviates the structural design of the 
thermal isolator because a significant portion of the isolator loading is 
attributable to the dynamic response of the radiation shields. The low weight 
structure also provides a smaller thermal conduction path and makes thermal 
design of the isolator, somewhat easier. Second, the most probable failure 
mode of a lightweight radiation shield is local buckling. Honeycomb has 
inherently high resistance to local buckling compared to other types of struc- 
tures of equal weight. 
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Optics Assembly 


The optics assembly is attached to the thermal isolator and comprises 
all optical elements# their mounts, the interconnecting structure, the auto- 
focus mechanism, the MIC selector, and the MIC mount. The major struc- 
tural element of the optics assembly is the main optical support. 

The main optical support (Figure 3-34) is an aluminum, closed-cell 
composite structure which serves as the structural backbone of the optics 
assembly because all optical structure either directly or indirectly attaches 
to this member, which is itself directly attached to the thermal isolator. It 
mounts the primary mirror and mount assembly, the first folding mirror 
and autofocus mechanism through the spider assembly (four struts) and the 
main telescope barrel, the secondary optics assembly and the MIC selector, 
and the MIC mount. 

A substantial portion of the design effort was devoted to developing 
a means for mounting the beryllium mirrors to an aluminum structure. This 
was an important objective because of the difficulties and costs associated 
with building the entire telescope barrel, a structure up to 140 cm (55 inches) 



Figure 3-34. Primary mirror mount. 
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in dLanneter and 274 cm (108 inches) long, of beryllium. The additional 
weight of the aluminum structure, 150 lbs (70 kg) is not judged to be a 
significant drawback. Although it is practical to build some of the smaller 
structural components of beryllium, the chosen design approach was to 
restrict the use of beryllium to the mirrors only. This was accompli'ihed 
through the use of three Hooke joint/Sarrut mechanisms to mount each 
mirror. 

A schematic representation of a single mirror mount is shown in 
Figure 3-35, and of the mirror mount set in Figure 3-36. In essence the 
Sarrut mechanism is composed of two hinges, the axes of the hinges being 
non-parallel. Kinematically, it is a six-bar space mechanism composed of 
revolute pairs which produces pure straight line motion. 

The mirror mount scheme is to utilize three Sarrut mechanisms so 
aligned that the line of action of each mechanism which passes through its 
point of mirror attachment intersects in a common point with similar lines 
of action of the other mechanisms. Under this condition the differential 
thermal expansions /contractions which occur between the mirror and the 

MIRROR 

MOUNTING 



JOINT 

Figure 3-35. Mirror mount schematic concept. 
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Figure 3-36. Mirror mount set-schematic concept and equiyalent. 
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mirror mounting ring, i. o. , across each mechanism, are accommodated 

without translating or tilting the mirror. 

However, if these lines of action are skewed, (e. g. , due to manufac- 
turing errors) then there will be accompanying translations and rotations whose 
magnitudes are dependent upon the degree of skew. The translations are 
inherently accommodated by each mechanism because they each possess that 
kinematic degree of freedom. However, the mechanism will not accommodate 
any rotation because they do not possess rotational degrees of freedom. 

A Hooke joint (more commonly known as a U-joint) is incorporated 
between the mirror and each Sarrut mechanism to provide rotational degrees 
of freedom. The rotational degrees of freedom are necessary to accommodate 
the effects of fabrication and assembly tolerances on the skewness of each 
mechanism’s line of action. 

Although the Hooke joint provides only two rotational degrees of 
freedom, it is believed that the rotations about each mechanism’s line of 
action are insignificant. Thus, the Hooke joint associated with each Sarrut 
mechanism is aligned so that it accommodates rotations about axes which 
are perpenuicular to the line of action of the Sarrut mechanism. 

In summary, the mirror mounting approach used for all mirrors 
(excepting the chopping mirror) is comprised of three Hooke joint/Sarrut 
mechanism sets which are aligned so that their respective lines of action 
intersect in a common point. 

The Hooke joint/Sarrut mechanism unit is composed of titanium and 
employs flexures in all joints rather than bearings. Titanium was chosen 
because its thermal expansion properties closely match that of beryllium over 
the design temperature range. Flexures were selected because they are free 
of the play associated with bearings resulting from fits and internal clearance, 

Each Hooke joint/Sarrut mechanism is attached both to the beryllium 
mirror and to the aluminum mirror mounting ring through double -piloted 
joints which allow differential thermal expansion and contraction to occur 
while attaining high positional accuracy and precision. These joints are 

described in Reference 3-15, 


3-69 


The mirror mounting ring is attached to the fixed optical structure 
through three adjustment screw assemblies which provide both focus and 
tilt adjustment (see Figure 3-35). Each adjustment screw assembly consists 
of spherical washers, an internal locking screw, and the adjustment screw 
and are so designed that there is no moment transfer across the assembly. 
Because this design requires a relatively large clearance between the internal 
locking screw and the adjustment screw, an aluminum mounting ring collar 
is incorporated in the design which permits focus and tilt adjustments, but 
precludes radial movement of the mirror mount assembly. 

The mirror mounting technique described above is used to mount the 
primary mirror, the first folding mirror, and the secondary mirror.. This is 
one of several possible approaches which have not been fully explored. It is 
believed that the described approach should be subjected to further study 
because the largest structural compliances of the telescope system occur in 
the mirror mounts. 

The autofocus mechanism is located at the first folding mirror and 
consists of a large flexural type Sarrut mechanism which provides axial 
movement of the first folding mirror of approximately ±1. 0 cm (0.4 inch) for 
focus (see Figure 3-37), The mechanism drive is provided by a dc motor/ 
gearhead/brake which drives a form of slider/crank linkage. In this case, 
the slider is replaced by the large flexural type Sarrut mechanism and the 
linkage incorporates flexures at all kinematic pairs. The brake is incorpor- 
ated into the system to allow the system to be locked into position at all times 
that the motor is not engaged. 

The linkage was synthesized to produce a linear relationship between 
crank angle and mirror displacement. A linearity of less than 0. 05 percent 
(structural error) was obtained in the final design. This will probably result 
in a total estimated error of less than 1 percent in the actual hardware. 

The autofocus mechanism (Figure 3-37) is mounted to the aluminum 
spider assembly which is comprised of an inner ring, four honeycomb struts, 
and an outer ring which attaches to the main telescope barrel. The construc- 
tion is of composite closed cell construction for the rings and thinner honey- 
comb for the struts. This construction was selected to protdde a relatively 
low weight structure with good stiffness and high resistance to buckling. 
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Figure 3-37. First folding mirror mount and drive. 

The main telescope barrel is an aluminum sandwich section cylinder 
which serves to mount the Baffies in addition to providing structural support 
of the first folding mirror and its related structure. The sandwich construc- 
tion was selected because it is a more positive (i. e. , it can be welded rather 
than brazed or bonded) structure than honeycomb. 

The secondary optics assembly is comprised of the secondary and 
chopping mirrors and the conical baffle between them which serves as the 
supporting structure. It also mounts the MIC selector. 

The secondary optics assembly is mounted as a unit to the main 
optical support. If later analysis shows that a thermal isolator is necessary, 
the study indicates that the assembly can be mounted on a titanium isolator 
with minor design impact. 

MIC Selector 

The MIC Selector consists of a dichroic window and a correcting 
wedge, a bearing assembly, latching pawls, a dc motor /clutch drive, and an 
induction potentiometer for position readout. The purpose of the MIC selector 
IS to provide a means to optically switch the infrared energy from instrument 
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to Instrument within the MIC. The dichroic window is provided to allow 
visible radiation to pass through to the star tracker. See Figure 3-38-. 

The wedges are both adjustable to each other and as a unit to the 
bearing. The bearing assembly is in turn adjustable in tilt, decenter, and 
axial position to the secondary optics and hence to the entire optics assembly. 

The bearing assembly is a double row, angular contact bearing which 
is preloaded to eliminate axial and radial play that would adversely affect 
optical alignment. The bearing is of a custom design to minimize the 
effects of tolerance accumulations upon performance. Further, it is not 
anticipated that the bearing will require lubrication because of the relatively 
low number of revolutions (less than 5000) it will experience over its life. 

A set of (spring loaded) latching pawls (with an engagement tooth) are 
provided for each of the six MIC selector locations. These provide a highly 
accurate repeatability of the selector location because one pawl acts as a 
stop and the other, which is flexure mounted, provides a highly repeatable 
latching force. Both the engagement tooth and the pawls for each location 
are adjustable so that the necessary angular accuracy of approximately 5 to 
15 jirad (1 to 3 arc second) can be achieved without unduly stringent tolerances. 
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Figure 3-38, kllC selector. 


SECTION A“A 



The selector drive is provided by a dc motor/clutch which drives the 
bearing through bevel gearing (unlubricated). When the motor is engaged, 
the clutch is engaged thus allowing the motor to drive the bearing. When 
the motor is de-energised, the bearing assembly is free wheeling thus allow- 
ing the pawls to engage and lock the assembly. The potentiometer provides 
position readout so that the motor can be de-energlzed at a point w ere 
pawls can cam the assembly to the lock position. 

MIC Mounting 

The MIC (Multiple Instrument Chamber) mounting is accomplished 
using pilots and bolts in the forward faceplate of die MIC. Figure 3-39 shows 
the various steps in the installation. Figure 3-39a shows the ° 

the telescope, ready for MIC installation and Figure 3-39b shows the 

one of the standard size instruments instailed. The MIC, whic is prea igne ^ 

and completely checked out, is inserted into SIRTF and the pilots and aligni., . 
pins engaged. Bolts are inserted between the mounting ring in the te escope 
and the edge of the MIC integration plate. Alignment is checked warm t roug 

one or more apertures in the rear plate. 

Following warm alignment and installation of the rear plates of e 

radiation shields, and various helium fill connections and motor drives, 
the MIC is ready for cooldoivn and cold alignment and performance c ec s. 

It is noted that the warm electronics/components assembly of the MIC 
has not been defined and that the allotted volume depicted in Figure 3-33 is 

arbitrary. 


Sun-Earth Shade 

The deployable sun-earth shade assembly consists of three aluminum 
honeycomb cones and a mechanism and drive to deploy and retract ttxe shields. 
The purpose of the assembly is to provide protection of the telescope aperture 
from radiation from the earth, sun and Shuttle. The design requirement was 
to shield the telescope aperture from incident radiation at angles greater than 
0. 79 rad (45 degrees) from the telescope line of sight. 
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The shade was divided into three sections to provide adequate room 
on the outer vacuum housing for the mounting of the cryogen tankage and 
associated structure. Each shade section is connected to the others through 
the deployment linkage which is basically a compounded or double Sarrut 
mechanism. One half of the linkage is shown in the lower portion of Fig- 
ures 3-32 and 3-33, 

The entire shade/linkage assembly mounts to the outer vacuum housing 
by means of three trucks which travel along corresponding rails which are 
attached to the housing. The drive concept is to use a dc motor driven rack 
and pinion arrangement to both roll the shield assembly forward and deploy 
the shields through a suitable slip clutch arrangement. 

Cover Assembly 

The removable cover assembly consists of the vacuum cover, rotating 
dog ring, dog ring motor drive, and associated structure and mechanism which 
provide the vacuum cover with five kinematic degrees of freedom with respect 
to the telescope. See Figure 3-40. The only degree of freedom which is not 
provided the cover is roll about the telescope line of sight. These five degrees 



Figure 3-40. SIRTF cover and support structure. 
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of freedom are required to accommodate the misalignments which may occur 
between the cover assembly and the telescope over successive engagements and 
disengagements during the mission. These misalignments may for example be 
attributed to thermal distortions of the Shuttle and pallets or one- g to zero-g 
effects on the entire system. 

The purpose of the cover assembly is to complete the vacuum envelope 
around the cooled assemblies for the cold ground testing and launch. In 
addition, it provides contamination protection of the telescope during the 
mission should the telescope's external environment be contaminated. 

The vacuum cover is a cylindrical aluminum shell which has radial 
stiffening ribs to preclude buckling. It mounts a vacuum valve, vent and a 
lightweight shield which carries a multilayer insulation pack. The vent (on 
the helium tank-telescope system) leads to the T-O umbilical for prelaunch 
venting. The inner surface of the cover is cooled by conduction and radiation. 

The cover also mounts the rotating dog ring by means of a preloaded 
pair of bearings and the dog ring drive. The function of the dog ring is to 
develop the necessary seal preload between the cover and the outer vacuum 
housing by a wedging action between the dogs on the rotating ring and a 
similar set of dogs on the outer vacuum housing. This action is very similar 
to that of a pressure cooker lid. This approach was selected because the 
necessary seal preload is developed only across the sealing surfaces. Thus 
there is no structural loading of the telescope outer vacuum housing, the 
pallet, or the cover structure and mechanism. The sealing surfaces are 
tapered to facilitate engagement and to allow a seal gland design which retains 
the seal when the cover is not engaged. The seal is a large cross section, 

1.2 cm (0.5 inch), elastromeric O-ring seal. 

The vacuum cover is attached to a two axis gimbal which provides both 
two angular and two translational degrees of freedom. This gimbal is in turn 
attached to another translational gimbal whose function is to either retract 
or engage the entire cover assembly with the telescope. This is accomplished 
by a linkage driven by a wormgear motor. 
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An open loop, unpowered design approach is used in the two axis 
gimbai. This approach, was selected because it is believed that the potential 
misalignments between the cover and outer housing will not exceed ±3 mrad 
(±1 degree) and ±5 cm (±2 inches). Thus, the cover and dog ring can be made 
sufficiently oversized to accommodate these alignments and be such that the 
cover assembly is self aligning. This however requires further study because 
the amount of misalignment has not been established. Should the amount of 
misalignment become excessive, it would be necessary to resort to a closed 
loop powered system with a considerable increase in complexity. 

Cryogenics Supply 

The telescope cryogenic system is a long plumbing line with local 
heat exchangers at selected points to provide cooling of the structure. 

Bellows are incorporated into the design at selected points to preclude 
differential thermal expansion/ contraction effects and to allow the use of a 
continuous single line free of interconnections and fittings. This approach 
is both feasible and highly desirable because it allows the plumbing to be 
leak checked prior to installation. Because there are no connections made 
during the telescope assembly, except at the interface to the outer vacuum 
housing, a high confidence is developed that the system is helium leak tight. 

The cryogen line enters the outer vacuum housing and is routed directly 
through the radiation shield to the following sequence of heat exchangers: 

SIRTF-MIC interface 
Secondary optics assembly 
Secondary mirror mount 
Chopping mirror 
Main optics support 
First folding mirror spider 
Radiation shields 
Inner 
Outer 
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The aperture shield is not actively cooled; the telescope barrel is cooled by 
conductive coupling to the heat exchanger at the main optics support and the 
first folding mirror spider. The cryogen line final exit location will be within 
the main barrel, to provide a purge flow to prevent contaminant from entering 
the telescope. The exact locations, orientations and number of outlets have 
not been worked out. 

The thermal design and results of the thermal analysis are discussed 
in more detail in Section 3, 4. 

3.3.2 Approximate Thickness of SIRTF Mirrors 

The sizing of the thicknesses of the SIRTF mirrors is of twofold 
importance. First, the mirrors must have sufficient thickness to preclude 
excessive figure distortion arising from service loads. Secondly, the mirror 
thicknesses impact the allocation of space within the telescope and thus 
affect the configuration of the optical structure and the overall telescope 
mechanical design, 

A highly accurate sizing of the mirror thicknesses (and hence mirror 
blank design) is a task requiring the construction of large and complex stress 
models and consequently numerous computer runs. This would be outside the 
scope of the present preliminary design study. The sizing of the mirror 
thicknesses for this study has been accomplished by a combination of extra- 
polation from existing mirror designs, approximate analytical methods, and 
judgement. 

Devel opment of Approach 

From an analytical viewpoint, a reasonable starting point is to approxi- 
mate the mirrors as annular flat plates, i. e. , circular flat plates with a 
central hole. The inherent assumptions of this approximation are (Refer- 
ence 3-16, Page 7); 

1. The mirror is flat or the effect of power on geometry is 
negligible. 

2. The plate is of uniform thickness and of homogeneous isotropic 
material. 
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; 3. The thickness is not more than about one-quarter of the least 

transverse dimension and the maximum deflection is not more 
than about one -half the thickness. 

I 4. The plate is nowhere stressed beyond the elastic limit. 

In the case of assumption (1), the greater the power of the mirror the 
I greater the inaccuracy of the assumption and thus of the analysis. Fortunately, 

the SIRTF mirrors are either flat or of relatively low power (f/no > 3) and 
thus may be considered reasonably flat. It is noted that the thicknesses used 
in all subsequent analysis correspond to mean section thickness. 

The SIRTF mirrors are lightweight mirror designs which will utilize 
either cored or eggcrate construction. Because mirrors of this type 
experience considerably less deflection than do solid mirrors (see for example 
i Reference 3-17) the effect of assumption 2 is to yield conservative results, 

, i. e. , mirror thicknesses greater than required. 

' In the case of assumption 3, the thickness can exceed one-quarter 

of the least transverse dimension if the effects of direct shear are included 
i (Reference 3-1 6, page 8). In this analysis, the effects of shear will be 

assumed negligible. 

j Assumption 4 is of no consequence in this analysis because the stress 

levels associated with mirror deflections are seldom greater than 10 percent 
' of the material yield strength. 

; . The basic loading for which the mirrors must be designed is tlie sagging 

of the mirror on its supports due to its own weight. That is, the mirror sag 
niust not exceed a specified value to prevent excessive iinage aberrations in 
the transition from the one-g environment where it is fabricated and tested, 
to the zero-g environment where it is operated. From assumption 2, this 
loading can be reasonably approximated by the case of uniform loading over 
the surface of the plate. 

All of the SIRTF mirrors utilize a three point mounting arrangement. 

The mounts are equally spaced on an intermediate diameter (i. e. , not on a 
I. mirror boundary) which is concentric to the mirror axis. Unfortunately, 

there are no algebraic or numerical solutions for an annular plate with three 
point intermediate support. However, the case for three-point support on the 
outer diameter is readily derivable, provided the point supports are simple 
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supports. Thus, for analytical convenience the mirror supports are considered 
to be simple supports acting at the mirror outer diameter. It is of interest 
to consider the implications of this simplication. First, a uniformly loaded 
plate supported on its outer diameter would experience greater deflection 
and slopes than would a plate similarly loaded but supported at an intermediate 
diameter. Second, simple supports also would result in greater deflection 
and slope than fixed or elastic supports. Therefore, a mirror designed for 
three-point simple support on its outer diameter, but in reality supported 
at a proper intermediate diameter on elastic or fixed supports would experi- 
ence less deflection and slope and the effect of the simplification is 
conservative. 

It is noted that the local moments introduced at the supports by 
manufacturing and assembly errors, misalignments, and thermal effects are 
necessarily ignored because of the large uncertainty in their magnitude and 
because their inclusion would enormously complicate the task at hand. 

Although totally qualitative, the effects of the local moments will be somewhat 
compensated by the conservatism of assumption 2. That is, the assumption 
of a solid mirror rather than the actual lightweight design. 

Derivations of the necessary equations for deflection and radial and 
tangential slope are given in Appendices 3-1 and 3-2. The deflection and 
slopes are given by Equations (19), (20) and (21) of Appendix 3-2, 

Having established a means of analysis, it remains to establish a 
criteria for thickness selection. From an optical standpoint the mirror 
thickness must be sufficient to preclude excessive figure distortion. More 
precisely, the slope changes and deflections of the mirror figure resulting 
from loading must be of sufficiently small magnitude to attain the required 
optical performance. 

The optical requirements on slope and deflection due to loading are 
derived and presented in Section 3. 2. 6 (Optical Fabrication). 

1, The maximum slope change at any point shall not exceed 
0,25 arc second (0. 12 |j,ra,d). 

2r The maximum deflection at any point shall not exceed 
0 ,5 |j.m (20 X 10"^ inches). 
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It is noted that the above requirements are conservative approximations to 
the optical requirements and that much more sophisticated and precise 
evaluation techniques would be employed in the actual design of the mirrors 
(see Reference 3-18). 

In the case of self weight deflection, the load intensity q is defined 
as the weight per unit area. For annular plates, 


= ( a" - b") hr) 

^ 2 z 
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(See Table 3-12 for definitions. ) The flexural rigidity of a plate is defined 
in Appendix 3-1 and is given by 
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Substituting the above expressions into Equations (19), (20), and (21) of 
Appendix 3-2 yield 
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It is noted that the above requirements are conservative approximations to 
the optical requirements and that much more sophisticated and precise 
evaluation techniques would be employed in the actual design of the mirrors 
(see Reference 3-18). 

In the case of self weight deflection, the load intensity q is defined 
as the weight per unit area. For annular plates, 
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(See Table 3-12 for definitions. ) The flexural rigidity of a plate is defined 
in Appendix 3-1 and is given by 
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Substituting the above expressions into Equations (19), (20), and (21) of 
Appendix 3-2 yield 
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TABLE 3-12. DEFINITIONS OF SYMBOLS 


h = 

plate thickness 

= 

material density 

a - 

outer radius of plate 

b = 

inner radius of plate 

D = 

flexural rigidity of plate 

E = 

Elastic modulus 

\f = 

Poisson’s ratio 

w = 

deflection of plate 

4 > = 

radial slope 

-0- 

rf 

II 

tangential slope 


normalized algebraic terms 



P = 

radial coordinate (normalized) 

G = 

angular coordinate (normalized) 


It can be shown that the maocimum deflection occurs on th(s inner 
boundary midway between the supports. Noting that the tangential slope is 
zero at a support point by reason of symmetry, and that the maximum 
value of radial slope (magnitude of gradient) occurs at the support point, 
then the magnitude of gradient equals the radial slope 4>^. Thus, Equations 
(2) and (3) above may be each solved for thickness to yield the following 
design equation 
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TABLE 3-12. DEFINITIONS OF SYMBOLS 


h = 

plate thickness 

^ = 

material density 

a = 

outer radius of plate 

b = 

inner radius of plate 

D = 

flexural rigidity of plate 

E = 

Elastic modulus 

if = 

Poisson's ratio 

w = 

deflection of plate 

<t>r = 

radial slope 


tangential slope 

X = 


— m 

normalized algebraic terms 

T = 


— m 


P = 

radial coordinate (normalized) 

G = 

angular coordinate (normalized) 


It can be shown that the maximum deflection occurs on the inner 
boundary midway between the supports. Noting that the tangential slope is 
zero at a support point by reason of symmetry, and that the maximum 
value of radial slope (magnitude of gradient) occurs at the support point, 
then the magnitude of gradient equals the radial slope Thus, Equations 

(2) and (3) above may be each solved for thickness to yield the following 
design equation 
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Dis cussion of Results 

Table 3-13 presents a summary of the analysis that was performed 
on the SIRTF mirrors using the equations of the preceding section. It is 
noted that the thicknesses appearing in the table represent average thicknesses 
of each mirror cross section. In addition, the mirror thicknesses (those 
shown in the telescope layouts) were initially determined by engineering 
judgement, thus accounting for the differences between the thicknesses shown 
on the layouts (Figure 3-33) and the calculated thicknesses. Further, the 
second folding mirror (chopping mirror) was not analyzed because its loading 
is much more complex than that of this analysis. 

TABLE 3-13. MIRROR DIMENSIONS AND DEFLECTIONS 


Mirror 

Outer Radius, 
mm 

(inches) 

Inner Radius, 
mm 

(inches) 

Layout 

Thickness, 

mm 

(inches) 

1 

Primary 

1 

614 

(24. 25) 

295 

(11.6) 

157 

(6.20) 

First folding 

217 
(8. 55) 

70. 1 
(2.76) 

55.9 

(2.20) 

Secondary 

274 

(10.80) 

76. 2 
(3. 00) 

66.0 

(2.6) 



Maximum 

Calculated 

Maximum 

Deflection, 

Thickness* 

Slope. 

^m 

mm 

prad 

(mils) 

(inches) 

- 

1.49 

I 

44. 7 

175 


(1.8) 

(6,90) 

0. 55 

61 

37.6 


(2.4) 

(1.48) 

0. 79 

114 

53. 6 


(4. 5) 

(2. 11) 


Material (All Cases) Beryllium 
E = 29 X 10^ N/cm^ (42 x 10^ Ib^/in^) 
V = 0.07 

n = 1. 85 g/cm^ (0. 067 Ib^/in^) 

* Calculated by Equation (4) 
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Dis cussion of Results 

Table 3-13 presents a summary of the analysis that was performed 
on the SIRTF mirrors using the equations of the preceding section. It is 
noted that the thicknesses appearing in the table represent average thicknesses 
of each mirror cross section. In addition, the mirror thicknesses (those 
shown in the telescope layouts) were initially determined by engineering 
judgement, thus accounting for the differences between the thicknesses shown 
on the layouts (Figure 3-33) and the calculated thicknesses. Further, the 
second folding mirror (chopping mirror) was not analyzed because its loading 
is much more complex than that of this analysis. 

TABLE 3-13. MIRROR DIMENSIONS AND DEFLECTIONS 


Mirror 

Outer Radius, 
mm 

(inches) 

Inner Radius, 
mm 

(inches) 

Layout 

Thickness, 

mm 

(inches) 

Maximum 

Slope, 

prad 

Maximum 

Deflection, 

pm 

(mils) 

Calculated 

Thickness"" 

mm 

(inches) 

Primary 

614 

(24. 25) 

295 
(11. 6) 

157 

(6.20) 

1.49 

44. 7 
(1.8) 

175 
(6. 90) 

First folding 

217 
(8. 55) 

70. 1 
(2.76) 

55. 9 
(2. 20) 

0. 55 

61 

(2.4) 

37. 6 
(1.48) 

Secondary 

274 

(10.80) 

76.2 
(3. 00) 

66. 0 
(2.6) 

0. 79 

114 

(4.5) 

53. 6 
(2. 11) 


Material (All Cases) Beryllium 
E = 29 X 10^ I9/cm^ (42 x 10^ Ib^/in ) 
V - 0. 07 

■q = 1,85 g/cm^ (0. 067 Ib^/ixi ) 
'‘'Calculated by Equation (4) 





It can be seen from the table that with the exception of the primary 
mirror, the thicknesses shown in tlie telescope layouts are more than 
adequate to attain the required optical performance. In the case of the pri- 
mary mirror, the required thickness is slightly greater than that shown in 
the telescope layout. It is judged that the computed maximum deflection and 
maiximum slope will be of little or no consequence because the previously 
stated optical requirements are, by virtue of their sunplicity, rather conser- 
vative approximations to the actual case. Thus, the thickness of the primary 
mirror shown in the layouts is reasonably close to that which might be 
expected for a final design. 

It is noted that both the required thickness and the layout thickness of 
the primary mirror violate assumption (3) of the preceding section. That 
is, the effects of shear on deflection and slope are not truly negligible. How- 
ever, the foregoing assumption of a solid plate is probably too conservative 
(see Reference 3-17 for comparisons between cored or eggcrated designs and 
solid designs), and that the layout design, or one similar, will meet the 
required optical performance when a more sophisticated analysis which 
includes both the true geometry and shear effects is conducted. 

Conclusions 

The thicknesses of the first folding mirror and the secondary mirror are 
adequate as shown in the layout. The thickness of the primary mirror (Fig- 
ures 3-33 and 3-34) is expected to be adequate, however a more sophisticated 
analysis is required to accurately determine its required thickness. 

3. 3. 3 Mechanical Environment Studies 

Two studies of the effects of mechanical environment on SIRTF were 
made. A 32-node mathematical model was developed and the first six modes 
and frequencies of the major telescope components were determined. Ehie to 
substantial concern about the effects of the shuttle acoustic environment on 
large structures, an 800-element model was developed of the vacuum housing 
and its interface with the internal optics support structures. The first 
20 natural frequencies of the outer shell were identified and power spectral 
density curves were generated. 
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mirror, the thicknesses shown in the telescope layouts are more than 
adequate to attain the required optical performance. In the case of the pri- 
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3. 3. 3, 1 Structural Analysis 


This section presents the results and essential features of a study 
of the structural characteristics of the SIRTF telescope barrel, vacuum 
housing, and related structural components. The purpose of the study was 
to determine the beam bending natural frequencies and mode shapes of the 
telescope, and to determine the structural deformations resulting in going 
from a 1 "g" environment to a zero "g" environment. 

Introduction 

A study was performed to determine the dynamic characteristics, 
modes and frequencies, of the SIRTF telescope barrel, vacuum housing, and 
related structural components. The deformations resulting from going to 
a zero "g" environment from a 1 "g” environment were also calculated. The 
stardyne computer program was used for the analysis. This is a finite ele- 
ment program that uses the direct stiffness method of analysis. Rudimentary 
techniques were used to determine the structural element sizing, except for 
the mirror mounts. Detailed analyses were performed to determine mirror 
mount stiffness. The structural elements and the mirror mount stiffnesses 
were incorporated into a math model. Subsequently , static and dynamic 
analyses were performed on the math model using the computer program. A 
discussion of the sizing of the structural elements, the math model, and the 
analytical results follows. 

Structural Sizing 

An acceleration of 20 "g's" applied independently along each aixis was 
the basic load condition used to size the structural elements. In addition, 
an external pressure of 16 psi was applied simultaneously to the telescope 
vacuum housing. 

The telescope housing was basically determined by the external pres- 
sure load, with the bending moment due to the acceleration load contributing 
approximately 20 percent of the stress. The basic mode of failure was con- 
sidered to be shell buckling. Three configurations covering a range of shell 
thicknesses were analyzed; a summary of the configurations is shown in 
Table 3-14. 
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This section presents the results and essential features of a study 
of the structural characteristics of the SIRTF telescope barrel, vacuum 
housing, and related structural components. The purpose of the study was 
to determine the beam bending natural frequencies and mode shapes of the 
telescope, and to determine the structural deformations resulting in going 
from a 1 "g” environment to a 2 sero "g" environment. 

Introduction 

A study was performed to determine the dynamic characteristics, 
modes and frequencies, of the SIRTF telescope barrel, vacuum housing, and 
related structural components. The deformations resulting from going to 
a zero "g” environment from a 1 "g" environment were also calculated. The 
stardyne computer program was used for the analysis. This is a finite ele- 
ment program that uses the direct stiffness method of analysis. Rudimentary 
techniques were used to determine the structural element sizing, except for 
the mirror mounts. Detailed analyses were performed to determine mirror 
mount stiffness. The structural elements and the mirror mount stiffnesses 
were incorporated into a math model. Subsequently , static and dynamic 
analyses were performed on the math model using the computer program. A 
discussion of the sizing of the structural elements, the math model, and the 
analytical results follows. 

Structural Sizing 

An acceleration of 20 "g's" applied independently along each axis was 
the basic load condition used to size the structural elements. In addition, 
an external pressure of 16 psi was applied simultaneously to the telescope 
vacuum housing. 

The telescope housing was basically determined by the external pres- 
sure load, with the bending moment due to the acceleration load contributing 
approximately 20 percent of the stress. The basic mode of failure was con- 
sidered to be shell buckling. Three configurations covering a range of shell 
thicknesses were analyzed; a summary of the configurations is shown in 
Table 3-14. 
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TABLE 3-14. VACUUM HOUSING CONFIGURATIONS 



Shell 

Thickness 

Ring 

Spacing 

Stress 

Allowable Stress 

Mass 

(Weight) 

Configuration 

cm 

in 

cm 

in 

Pa (x 10^) 

psi (x 103) 

Pa (x 106) 

psi (x 103) 

Kg 

lbs 

A 

0. 75 

0. 30 

rii 

lo 

ags 

1. 14 

1.65 

1.35 

1.96 

425 

937 

B 

0, 50 

0. 20 

102 

40 

2. 28 

3. 31 

2.49 

3. 62 

397 

875 

C 

0. 38 

0. 15 

51 

20 

3. 65 

5. 30 

3. 79 

5. 50 

304 

669 


Configuration C was used as the baseline design for the mathematical 
model; being lowest weight and having a small stress margin, it is close to 
an optimum design. The sizing of the radiation shields and telescope barrel 
were accomplished in essentially the same manner. The maximum bending 
moment and subsequent stress due to acceleration load was calculated for 
several configurations. A standard type of honeycomb structure was used for 
the radiation shields. The face sheets of the honeycomb are 0.04 cm (0.015 
inch) aluminum with a core thickness of 1. 3 cm (0. 5 inch), A sandwich type 
of structure was chosen for the telescope barrel. It consists of 0. 08 cm 
(0, 03 inch) face sheets and 0, 08 cm (0. 03 inch) corrugated shear web; a 
sketch is shown in Figure 3-41. 



Figure 3-41. Telescope barrel construction. 
(Configuration C) 





The second folding mirror support structure was designed as a cone 
of constant wall thickness subjected to lateral acceleration loads. The 
lateral acceleration loads induce bending moment and stress into the structure. 
The basic mode of failure is buckling of the cone. The analysis resulted in 
an aluminum cone of 0. 23 cm (0. 09 inch) thick. 

The sizing of the fiberglass thermal isolator is found in Reference 3-19. 

Mathematical Model 

A finite element mathematical model of the telescope was developed. 
Thirty-two mass points (nodes) were included in the model connected by mass- 
less elastic beam elements. A sketch of the model is shown in Figure 3-42. 

All masses and elastic elements were on the telescope center line, the 
branches are displayed for clarity. The model is fixed at mass point (node) 

10, the gimbal attachpoint. The vacuum housing is represented by elements 
connecting nodes 1 through 10. The main fiberglass thermal isolator is 
represented by elements connecting nodes 10 through 13. The telescope 
barrel connects nodes 13, 15 through 20, and the secondary folding mirror 
support structure is represented by elements connecting nodes 22 through 27. 
The elastic elements connecting the above nodes have the stiffness character- 
istics of the structure described in the previous section. 



Q ~ MASS POINTS 

I ’ ~ MASSLESS ELASTIC BEAM ELEMENTS 

I NODE 

* NO. OPTICAL ELEMENT 

31 FIRST FOLDING MIRROR 

27 2ND FOLDING MIRROR 

f . 32 SECONDARY MIRROR 

14 PRIMARY MIRROR 

[ ) BRACKETS INDICATE THAT THE 

.-[« MIRRORS ARE CONNECTED TO THE 

I STRUCTURE BY MIRROR MOUNT 

; STIFFNESS MATRICES, 



Figure 3-42. Mathematical model idealization. 
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Node 14 represents the primary mirror. Node 32 is the secondary 
mirror. The first and second folding mirrors are represented by nodes 31 
and 27. The primary, secondary, and first folding mirror are connected to 
the telescope structure by stiffness matrices representing the mirror mount- 
ing structure, A stiffness matrix for the second folding mirror is not defined 
at present, and the second folding mirror is rigidly attached to its support 
structure. 

Node 21 represents the beamsplitter and node 30 represents the MIC. 

Listings of the model data are presented in Reference 3-19, It is 
noted that the model reprer.ents the telescope in its operational configuration. 

Analytical Results 

A "1 g" uniform acceleration was applied to the matli model and the 
deflections and rotations of the structure were calculated. The deflections 
due to the application of a "1 g" acceleration are equivalent to the deflections 
of going from a "1 g” environment to a "0 g" environment. A summary of 
the deflections and rotations of the optical elements are given in Table 3-15 
below. 

The natural frequencies of the telescope were calculated using the 
mathematical model. The first six bending modes are presented in Table 3-16 
The modes are strongly influenced by the mirrors and their mounts. 


TABLE 3-15. DEFLECTIONS AND ROTATIONS OF OPTICAL ELEMENTS 


Description 

Node 

No. 

Translation 

Rotation 

radians 

cm 

in 

Primary mirror 

14 

0. 0204 

0. 00803 

0. 000176 

Secondary mirror 

32 

0. 0093 

0. 00365 

0. 000277 

1st folding mirror 

31 

0. 0209 

0. 00822 

0. 000277 

2nd folding mirror 

27 

0. 0184 

0. 00725 

0. 000079 

MIC 

30 

0. 0312 

0. 01228 

-0. 000005 



TABLE 3-16. FIRST SIX NATURAL FREQUENCIES 


Node 

No. 

Frequency, 

Hz 

Description 

1 

30.9 

Combined in-phase motion of the primary 
mirror and the 2 nd folding mirror on its 
support structure. 

2 

39. 7 

Vacuum Housing Bending Mode 

3 

40.9 

2nd Folding Mirror on its support 
structure. 

4 

49.7 

Combined out-of-phase motion of the pri- 
mary mirror and the 2 nd folding mirror 
on its support structure. 

5 

50. 7 

Combined out-of-phase motion of the 1st 
folding mirror and 2 nd folding mirror on 
their support structures. 

6 

52. 3 

Secondary mirror on its support mounts. 


Sketches of the mode shapes are shown in Figures 3-43 through 3-47. 
Conclusions 

The calculation of beam bending vibration modes are first order 
approximations of the dynamic characteristics of the SIRTF telescope. The 
modes and frequencies are most strongly influenced by the mirror mount 
stiffnesses, consequently further study of the selected approach and possibly 
other approaches is warranted. 

3. 3. 3. 2 Effects of Acoustic Environment 

A structural dynamic analysis of SIRTF has been performed to deter- 
mine its ability to survive a shuttle orbiter payload bay internal acoustic 
0 jiyi^j^onment of 145 db (OAL). The basis for the analysis is a finite element 
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FREQUENCY ~ 30.8 Hz 


UNDEFORMED POSITION 

DEFORMED POSITION 

O primary MIRROR 


Figure 3-43, Mode No. 1 — Primary mirror mode. 


2ND FOLDING MIRROR 



UNDEFORMED POSITION 

DEFORMED POSITION 

O PRIMARY MIRROR 

Figure 3-44. Mode ilo. 2 — Vacuum housing mode. 



FREQUENCY 40.9 Hz 


' UNOEFORMEO POSITION 
DEFORMED POSITION 
PRIMARY MIRROR 


i 


Figure 3-45. Mode No. 3 — Second folding mirror mode. 
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FREQUENCY 49.7 Hz 


UNDEFORMED POSITION 

deformed POSITION 

O primary MIRROR 

Figure.' 3-46. Mode No. 4— Combined mode primary mirror and 
•aecond folding mirror out of phase. 



FREQUENCY ~ 50.7 Hz 

UNDEFORMED POSITION 

DEFORMED POSITION 

O PRIMARY MIRROR 

Figure 3-47. Mode No. 5 — Combined mode first folding mirror 
and second folding mirror out of phase. 

mathematical model that represents the vacuum housing and its inter.Eace with 
the internal optics support structure. By analytically subjecting the model to 
the acoustic environment, the inte.tnal stresses throughout the rib-reinforced 
vacuum housing as well as the accelerations transmitted to the optics have 
bean determined. Structural adequacy of the housing is demonstrated because 
the maximum stress level is calculated to be 7. 03 x 10 Pa (1. 02 x 10 psi) 
(rms) which is substantially below the fatigue endurance level for the material 
(aluminum). Furthermore, the maximum acceleration transmitted through 
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the vacuum housing to the optics support structure is calculated at 
0, 723G (rms)i which is not considered to be a problem. 


Analytical Procedure 

A finite element model has been developed to represent both the rib- 
reinforced aluminum vacuum housing and the structural coupling of this 
housing to the optics support structure. The configuration is presented in 
Figure 3-33 and shows that the internal optics are connected to the vacuum 
housing through an axisymmetric thermal isolator. The vacuum housing is 
reinforced by 14 circumferential and 20 longitudinal ribs and is assumed to 
be fixed to a shear wall at its base. The detailed finite element model of 
the housing is comprised of an assemblage of 260 quadrilateral plate and 
540 rectangular beam elements (see Figure 3-48). Stiffness matrices are 
utilized to define the housing/ thermal isolator interface. Elements in these 
matrices are based on the solution of an edge-loaded cylinder and are required 
to obtain realistic values lor the acceleration transmitted through the vacuum 


housing. 

Several well founded structural analysis digital computer programs are 
available to perform random vibration analysis, the one utilized in this study 
is STARDYNE (see References 3^19 and 3-20). Having developed a model 
that is representative of the mass and flexibility distribution in the structure, 
the analytical procedure is to first compute the eigensolution. This gives a 
finite number of natural frequencies and mode shapes that describe the dynamic 


characteristics of the structure and that can be used to calculate structural 
response, i. e. , displacements, accelerations* internal stress distribution, 
etc. The modal information is used in this effort to determine the structural 
response to a stationary- zero mean random vibration environment, i’his 
environment is defined in terms of payload bay dB levels at a set of octave 
band center frequencies that is tractable via the STARDYNE computer pro- 
gram. The particular acoustic spectrum utilized for this study is shown in 
Figure 3-49 and is based on a representative payload volume and payload- 
volume- to- surface-area ratio, and conservatively assumes a reverberant 
sound field (see Reference 3-21, Figure 28). Although several spectrum 
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150 



OCTAVE BAND CENTER FREQUENCY, Hi 

Figure 3-49. Internal spatial averaged 
sound pressure level. 


shapes could have been considered, this particular one has the desired 
145 db (OAL) and has a high energy content in the low to intermediate 
frequency range, i. e. , 31, 5 to 250 Hz. Since excitation of the flexural shell 
modes contained in this frequency range gives the most significant contribu- 
tion to internal stress levels, it is felt that the approach conservatively 
determines structural adequacy. 

Analytical Results 

The eigensolution gives 89 shell modes of vibration in the frequency 
range from 26. 8 to 1320 Hz, see Table 3-17 for a list of the first 20 natural 
frequencies. The frequencies differ from those of preceding analysis because 
the structural analysis used a simplified model while the acoustic study utilized 
a very complex model of the outer housing. Calculated mode shapes, for par- 
ticular cross sections along the vacuum housing are presented as a point of 
interest for the first three shell modes in Figures 3-50 to 3-52. Classical 
shell modes for a thin walled cylinder are very similar, thus giving confidence 
in the analytical results obtained. It is noted that a torsional iriode occurs at 
approximately 73 Hz, but is not required in the response calculations. In 
order to determine the response to the acoustic spectrum shown in Figure 3-49, 
the first 20 shell modes have been used. As previously noted, the rationale for 
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Number 


Natural Frequency, Hz 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 


26.8 
54. 5 
58. 1 
66. 3 
69. 1 
73. 0 

85.8 

87.9 
106. 1 
109. 3 
125. 2 
128. 7 
136. 7 
142.4 
144. 5 

147.9 

163. 2 

164. 0 
190.6 
204. 3 




MODAL CONFIGURATION 

Figure 3-50, First shell mode 
shape ~ axial view. 



Figure 3-51. Second shell mode 
shaoe — axial view. 








f 



MODAL CONFIGURATION 

Fieure 3-52. Third shell mode shape 
axial view. 


this approach is fcat excitation of ate lo»er modes is the primary contrrbutton 

to internal stresses and aiso the acoustic ieveis are higher in a>rs fre„ 

range. Another consideration is that in doing a finite element analysts th 

higher modes are not accurately determined. A structural modal dampmg 

factor of 5 percent is assumed for all modes of vibration. 

Ihe results of the acoustic response analysis show that the maximum 
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calculated stress is 7. 03 x 10^ Pa (1. 03 x 10 psi) (rms) which occurs m one 
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of the circumferential ribs. It is of interest that the maxnnum stress calcu- 

f miadrilateral plates of the analytical 
lated in the shell itself. 1. e. , m one of the quadrilate p 

niodel. is only 6. 9 x 1U= Pa (0. 1 x lO^' psi) (rms). Assuming the vacuum 
^ limit would be 


“rilg ; be m:d; Of aluminum - say bOdl - the endurance limit would be 
something between 6 and 10 x 10^ Pa (9 and 14 x 10 psi). The computed 
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stress levels, therefore, are not problematic from a fatigue viewpoint thus 
the structural adequacy of the vacuum housing has been demonstrate 

145 db (OAL) acoustic environment. , i 

in addition to considering the vacuum housing structure, the analytncal 

results predict the acceleration levels transmitted through the housing to &e 

thermal isolator and thus the optics. Power spectral density plots in G / a 
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versus frequency (Hz) are presented in Figures 3-53 through 3-6 0 for the 
quarter points ( 90 ° increments) at the interface of the vacuum housing and 
thermal isolator. These plots represent the acceleration spectrum trans- 
mitted to the optics support structure. Integration under these curves gives 
a maximum of 0. 723G (rms) radial acceleration and 0.083G (rms) tangential 
acceleration. A plot of the transmitted radial acceleration (rms) around the 
circumference of the interface is shown in Figure 3-61. While a more detailed 
analysis to determine the response of the optics and its supporting structure 
should he performed during the hardware development stage, no design 
problems are envisioned due to the low level of the transmitted acceleration. 
The optics and associated structure have in fact been sized on the basis of 
mechanical base acceleration inputs, which are significantly higher than those 
resulting from the acoustic environment (see Section 3. 3. 3, 1), 

3.3.4 SIRTF Telescope Mass Properties 

A summary of the mass properties of the SIRTF telescope system 
is presented in Table 3-18. The Table provides a mass breakdown, axial eg 
coordinate calculation, and an estimate of the telescope's mass moment of 
inertia about a radial axis at the telescope/IPS interface. 

Only the axial eg coordinate was calculated because of the symmetry 
of the system. Thus, the radial eg coordinates with respect to the telescope' s 
optical axis have been assumed to be zero. In actuality, they will not be 
truly zero although it is believed that the radial coordinate will not exceed ; 

0. 5 cm (0.2 inch). The assumed reference plane is the IPS mounting surface. 

The telescope inertia was also determined by calculation although this 
calculation was not as thorough and comprehensive as that performed for total 
mass and eg. This approach was taken because the inertia is completely 
dominated by both the large structure and the mr term used to transform 
from the inertia about the eg to that about the telescope/IPS interface. 

The estimated accuracy of mass and eg calculations is in the range of 
±5 percent to ±10 percent. The inertia is estimated to have an accuracy 
within ±30 percent. 
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SIRTF - RIB REINFORCED CVL.(200 IN.J SHUTTLE ACOUSTIC ENV|R. - N50B 



Figure 3-54. Axial acceleration spectrum — Vacuum housing thermal 

isolator interface> 0=0° 


*PSD Units (G^ /Hz) 


SIRTF - RIB REINFORCED CVL.(200 IN.) SHUTTLE ACOUSTIC ENVIR. - IMSOB 



Figure 3-55. Radial acceleration spectrum — Vacuum housing thermal 
isolator interface, G = 90° 

'“'PSD Units (G^/ Hz) 
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SIRTF ' RIB REINFORCED CVL.lEOO IN.) SHUTTLE ACOUSTIC ENVIR. - IH5DB 



Figure 3-56. Axial acceleration spectrum — Vacuum housing thermal 

isolator interface, 6 = 90 

'"pSD Units (G^/Hz) 
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TABLE 3-18. SIRTF TELESCOPE MASS PROPERTIES 



Mass, 

Mi 


Kg 

lbs 

Primary Optics 



Main Optical, Support 

37 

81 

Primary Mirror Ring 

20 

45 

Primary Mirror Supports 

14 

30 

Primary Mirror 

90 

197 

Main Telescope Cylinder 

69 

152 

1st Folding Mirror Support 

43 

94 

Autofocus Drive and Support 

8 

18 

1st Folding Mirror 

8 

18 

Baffles 

21 

47 

MIC Support 

40 

89 

Secondary Optics 



Secondary Support 

6 

14 

Secondary Mirror Ring 

4 

9 

Secondary Mirror Mounts 

5 

12 

Secondary Mirror 

9 

20 

Steering/ Chopping Mirror Support 

15 

33 

Steering/ Chopping Mirror Assy 

20 

45 

MIC Selector 

32 

70 

Thermal Isolator 

219 

482 

Radiation Shields 

148 

326 

MIC {including Star Tracker) 

91 

200 

Outer Vacuum Housing 

345 

760 

Piumbiag/Heat Exchanges 

21 

47 

Miscellanceous Parts 

45 

100 

Sunshade 

82 

180 

(Stowed) 

(Deployed) 




1392 

3069 

Notes: 

Telescope eg (sunshade stowed) - 

2.44 m 


Telescope eg (sunshade deployed) 

= 2. 51 m 


Cover assembly and support - 590 Kg (1300 Ib^) 

Mass moment of inertia around telescope eg 


(sun/ eartli shield deployed) — 8830 Kg - m 

(6500 ft - Ib^ 


Axial cg"‘ 
Coordinate, 


1.99 
2. 17 
2. 21 

2, 36 

3, 33 
4.88 
4.96 

4, 96 
3. 33 
1. 38 


1. 99 
1.99 

1. 99 

1. 99 

2. 60 
3.45 
1. 75 

1. 38 

2. 60 
1.38 
2.44 
2.30 
2. 30 


MiXi 

Kg-m 


/4.60, 
\5. 69T 
2,44 
2. 51 


At IPS mount 2 

(sun/earth shield deployed) - 16900 Kg - m^ (12400 it - Ib^ - sec ) 


73.6 
43. 4 
30, 9 

212. 4 
229. 8 
209. 8 

39.7 
39. 7 
69.9 
55. 2 


11.9 
8 . 0 
10,0 
17. 9 
39. 0 
69 . 0 
56.0 
302. 2 
384, 8 
125.6 
841, 8 
48. 3 
103. 5 

377. 2\ 

466. 6 y \ 

3399. o' 

3489. 0 


*CC and MiXi are referenced to the IPS mounting surface. 


^ ^ reproducibility of 


1 .' 



3. 4 THERMAL ANALYSIS 


To meet the SIRTF performance levels, the optics, inner barrel, 
and baffles of the SIRTF telescope must be cooled to between 18°K and Z1*^K. 
The temperatures are achieved by flowing supercritical helium through heat 
exchangers located in various positions throughout the telescope. The heat 
exchangers cool the components either by direct contact, or by means of 
conduction straps running between the heat exchanger and the component. 

The general design approach of the telescope is similar to that used 
in storage dewars for low temperature cryogens. Helium from the storage 
dewar flows first to the inner telescope, where the low temperature must be 
maintained. The inner telescope is surrounded by radiation shields which 
are cooled in sequence by the gradually warming helium after it completes 
cooling the inner telescope. Super insulation between the radiation shields 
further reduces heat transfer from shield to shield. 

The major sources of heat inside the telescope are the power dis- 
sipation in the Multiple Instrument Chamber (MIC) instruments and in the 
second folding mirror which is servo-driven for stabilization and space 
chopping. Heat also enters the telescope through the radiation shields, 
thermal isolators, and the aperture. The calculation of aperture loads for 
various conditions represented a major portion of the effort in the thermal 
area. 

The conclusion reached based on the work done on this study is that 
the telescope can be maintained at the required temperature with a relatively 
small supply of supercritical helium; this allows the tanks to be mounted 
directly on the telescope, thus eliminating the potential problems associated 
with transfer of cryogen across the gimbals. 

In addition to the material presented here, the SIRTF thermal 
analysis report (Reference 3-22) contains a listing of the program, and a 
description of the Shuttle thermal modeling which defined some external 
inputs to the telescope aperture shield as well as the impact on the aperture 
heat input of variation in aperture shield IR emissivity. 
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3.4.1 Thermal Model 

SIRTF telescope cooling to 21°K is required to meet the specified 
sensitivity in the 5 to 30p band and 18°K or lower for the 30p to 200p band. 
These and other considerations have led to the selection of supercritical 
helium as the cryogen for SIRTF (reference 3.2-2). The thermal require- 
ments must be met for missions of from 7 to 30 days duration. 


Design Approaches 

The thermal design utilizes heat exchangers, superinsulation, 
various surface finishes, and the thermal isolators. The primary modes 
of heat transfer are conduction and radiation. The MIC and telescope are 
supported from the outer vacuum housing by three fiberglass isolators each 
having the form of a frustum of a cone. The radiation shields are attached 
at the intersections of the isolators. Heat exchangers are also attached at 
these points in order to cool the radiation shields as well as to intercept heat 
being conducted through the fiberglass isolators. The outer radiation shield 
is thermally isolated from the vacuum housing by an inch- thick blanket of 
multilayer insulation. The inner radiation shield is thermally isolated from 
the outer shield by a similar multilayer insulation blanket. A vacuum space 
then separates the MIC and telescope barrel from the inner radiation shield. 
The surface finishes of the inner radiation shield as well as the outer surface 
of the telescope barrel which supports the optics and baffles, and the MIC 
are polished aluminum. The polished aluminur radiatively decouples these 
components due to its low infrared emissivity. 

The cooling of critical components is accomplished by direct contact 
heat exchangers. The heat exchangers are lengths of tubing bent to shape 
and brazed to heat sink plates, as has been done successfully with other tele- 
scopes. This approach allows for cooling at the critical components mini- 
mizing the conductive path because thermal conductivity of beryllium and 
aluminum is poor at low temperatures. Where this direct approach is not 
feasible (e. g. , primary mirror), soft woven copper straps between the heat 
exchanger and components are used. This approach has further advantages 
in reducing cool-down times as well as preventing temperature gradients. 
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The hea^ aJEchangers are part of a continuous line through which the 
helium flows. The flow path is presented schematically in Figure 3-62. It 
can be seen from the figure that the helium flows first to the MIC, then to 
primary and secondary optics, then to the telescope barrel at the base of the 
first folding mirror spider, and finally to the radiation shields which sur- 
round the telescope assembly. A portion of the gas is expelled into the 
telescope barrel for purging purposes. This arrangement provides the 
lowest-temperature coolant for the most critical components and somewhat 
higher -temperature coolant for the less critical components and radiation 
shields. 

The first folding mirror is conductively coupled to the telescope 
barrel by means of the spider which supports the mirror from the forward 
portion of the telescope barrel. The surface of the first folding mirror 
facing outward from the aperture is coated with vacuum deposited aluminum 
(VDA). This causes most of the incident aperture load to be reflected away, 
minimizing the aperture load absorbed by the first folding mirror assembly. 
The baffles, however, fully absorb their portion of incident aperture load. 
The heat exchanger on the telescope barrel allows for cooling of both the 
baffles and first folding mirror. 


STRUCTURE 



Figure 3-62. Proposed helium flow-path in 
SIRTF cryogenic system. 
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Model Characteristicg 

A thermal model was developed to compute the helium flow rates 
necessary to reach the desired temperatures. The driving assumptions are 
that the helium inlet temperature is 10°K, the vacuum housing is a boundary 
at 300°K, the MIC requires 1.5 watts of cooling, the secondary mirror 
requires 0.2 watts of cooling, and aperture loads vary from 0 to 9.5 watts. 

The assumption of a 10*^K helium inlet temperature is conservative. 
The helium inlet temperature is anticipated to be 6.5°K at the beginning of 
the mission reaching 10°K approximately 30 days later; hence the results 
presented are those expected at the end of a 30 day mission. The effect of 
inlet tem.peratures less than 10°K is to reduce the optics and telescope 
temperatures by an equal amount. This will allow the flow rate to be 
decreased, thus conserving helium. In addition, the MIC heat load of 
1.5 watts is twice that estimated for a sample complement of instruments; 
the effect of reducing the load to 0.75 watts was studied and is presented in 
Table 3-22. . 

The computer model is based on a network of 36 nodes. The nodes 
are interconnected by conductances which were calculated from the SIRTF 
geometry. The heat exchangers will be designed so that the temperature 
of the helium leaving will be 1°K below the temperature of the component 
being cooled. The design of heat exchangers to accomplish this requires 
only the determination of the necessary length of tubing to be used as the 
heat exchanger. The conductive couplings were calculated using the thermal 
conductivity integrals because the thermal conductivities vary significantly 
over these temperature ranges. Within the optics only conductive couplings 
were considered as radiative couplings will be very small due to the low 
absolute temperatures. Only steady-state solutions were obtained under 
steady-state environmental conditions. Figure 3-63 presents the node 
locations in the model. 

The material properties used were based on measured data and 
previous experience with similar telescopes. The properties used are 
listed in Table 3-19. Aluminum compoLents were assumed to be made from 
606 1 aluminum alloy and the beryllium components from beryllium. 
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STRUCTURE 



MISSING NODES WERE ON 3RD RADIATION SHIELD (PROBABLY 
UNNECESSARY) 


Figure 3-63. Node locations. 


TABLE 3-19. MATERIAL PROPERTIES 


Silvered Teflon 

Emissivity 
Solar Absorptivity 

0.75 
0. 10 


Vacuum Deposited 
Aluminum 

Emissivity 
Solar Absorptivity 

0, 025 
0. 05 

0. 08 
0. 125 

New 

Degraded 

New 

Degraded 

Polished Aluminxim 

Emissivity 
Solar Absorptivity 

0. 06 
0. 20 


Miilti - Lay e r e d 
Insulation 

Conductivity 

1. 5 X 

10 ^ W/cm-°K 

Aluminum 

Thermal Conductivity 
Integral (4°K < T < 150°K) 

rT 

j^KdT = 2.04 X 

Beryllium 

Thermal Conductivity 
Integral (4°K < T < 30°K) 

T 

fKoT = 1.21 W/cm 

■'4 

Fiberglass 

Thermal Conductivity 
Integral (4°K < T < 300°K) 

/KdT = 8.1 X W/cm 

4 T 

Helium 

Specific Heat (T > 10° 

K) 

5. 2 J/gm - °K 




Because the solar absorptivity is likely to be degraded below the value 
achievable when new, the degraded value was used in all computations. The 
IR emissivity will substantially retain its new value, thus the new value was 
used throughout. 

3.4.2 Aperture Load 

The telescope aperture must be shielded from direct inputs from the 
sun, earth, and Shuttle because of the high radiative input levels of these 
sources. The SIRTF shade is designed to reflect incident energy away from 
the aperture. Protection from incoming energy is provided to within 45° of 
the LOS. In addition, the shade is designed to minimize the effects of 
diffuse reflectance and IR self-emission. 

A number of designs that meet the shielding requirements were 
investigated. A 22. 5° half-angle conical shade meets the shielding require- 
ments but is quite large. Smaller alternatives were sought. A paraboloid 
is the smallest in size that is able to meet the shielding requirements. It, 
however, would be difficult to construct and make deployable. The final 
design is a shade constructed from three conical frustums as in Figure 3-33. 
The first frustum section is a 22. 5 half-angle cone (LCI), the second a 12° 
half-angle cone (MCI), and the third a 6° half-angle cone (HCl). This 
design, as well as meeting the requirements, lends itself to being deployable. 
In addition, it is acceptable in size, being slightly larger than the parabola 
design but significantly smaller than the 22.5° cone design. 

The analysis of the shade utilized a Monte Carlo ray tracing com- 
pxiter program, the Boeing Thermal Radiation Interchange Factor Program 
(see Appendix B, of Reference 3-22). Two shade models were constructed. 
One model included the sun, earth, Shuttle, and telescope, with the Shuttle 
in the X local vertical (XLV) orbital mode. This model was used to deter- 
mine the radiant interchange between the shade and the sources, and hence 
the shade temperature. The second model consisted of the shade alone with 
a disc as the aperture and a disc sun. With this model, the aperture loading 
due to scattered solar energy, the earth within 30° of the line of sight (LOS), 
and shade IR self-emission were investigated. No specular energy was 
reflected into the aperture as per the design requirements. The diffuse com- 
ponent and sun angle from the LOS were varied to determine the effects on 


aperture loads. The results of these analyses provided the radiant 
interchange terms required for the telescope thermal model as well as 
aperture loads. 

Figure 3-64 presents the measured scattering data obtained from a 
sample vacuum deposited aluminum (VDA) surface on a fiberglass face sheet 
covering an aluminum honeycomb structure. The scattering is the percent- 
age of energy reflected outside of a 26 cone about the specular beam. (Scat- 
tering is largely independent of angle of incidence. ) The Monte Carlo ray 
tracing program, used to generate the aperture loads due to diffuse solar 
scattering of 1 percent and 2 percent (Figure 3-65), is unable to deal with 
the measured scattering distribution and assumes a Lambertian distribution 



Figure 3-64. Scattering data. 




Figure 3-65, Solar aperture load. 

which is also shown in Figure 3-64. The Lambertian distribution assumption 
causes the calculated aperture loads to be higher than would actually occur. 

In the analysis all shade surfaces viewed by the aperture were consid- 
ered to be VDA with a diffuse solar reflection component of 1 percent. This 
resulted in a maximum contribution to the total aperture load of 3. 4 watts 
with the sun at 45° to the LOS. The measured scattering data in Figure 3-64 
indicates a surface with a 2 x 10 diffuse solar scattering outside of a 2 
half-angle cone. The 1 percent value was chosen based on previous work on 
thermal shielding as well as concerns arising from possible prelaunch handl- 
ing problems and possible launch and in-orbit contamination. The 1 percent 
diffuse solar reflectance is a design requirement for the solar shade. Mini- 
mizing aperture loads from this source will require increasing the shade 
cone angles a few degrees and the overall shade length slightly. This change 
will prevent the energy scattered near the specular beam from entering the 
aperture. 

Aperture loads due to the shade's IR emission can be substantial. 

The inner segment is the strongest source of aperture loading. Active cool- 
ing of the shade is not effective because the available cooling from the 
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residual helium is 80 watts which is far exceeded by the absorbed energy due 
to the sun, earth, and/or Shuttle. Applying the available helium residual 
cooling of 80 watts to the inner segment would decrease the aperture loading 
by 0. 2 watt which is equivalent to an approximate temperature drop of 0. 4°K 
in the temperature of the baffles. Thus the shade temperature must be made 

as low as possible by suitable choice of thermal control coatings on the 
exterior. 

The inside of the shade is a vacuum deposited aluminum (VDA) sur- 
face for which a degraded solar absorptivity of 0.125 and an IR emissivity 
of 0. 025 were used in the analysis. A freshly deposited surface has a solar 
absorptivity of 0. 08 and an IR emissivity of 0. 025. The temperature of the 
shade is controlled by covering the outside surface with silvered teflon which 
has a solar absorptivity of 0. 10 and an IR emissivity of 0. 75. This strongly ‘ 
radiatively couples the shade to space. The equilibrium temperature of the 

shade then varies depending on the relative locations of the heat sources and 
the shade. 

In determining the shade steady state temperatures the solar input 
was orbit -averaged to 60 percent of its total value of 0. 14 watt/cm^. The 
earth was taken as a 250°K blackbody, and the Shuttle's external temperature 
was taken to be 210 K. Table 3-20 presents the cases investigated which 
bound the maximum and minimum thermal IR loading into the aperture, as 
well as a nominal aperture load. 

The maximum shade thermal emission aperture load (6.1W) occurs 
when the shade absorbs energy from the sun directly and solar energy 
reflected from the Shuttle as well as earth loads. The minimum (1. 8W) 
occurs when the shade is not exposed to the sun. 

Combining the maximum heat inputs from the thermal emission of the 
shade and 1 percent diffuse solar scattering with the sun at 45° to the LOS 
the total aperture load is 9. 5 watts. The minimum aperture load is 
1.8 watts due to the shade IR emission alone. 

The maximum aperture load occurs only when the telescope is view- 
ing between the earth and the sun at angles of 45° to the LOS. It is not 
anticipated that this environment will prevail for protracted periods. A 
noimnal case was chosen. The nominal case includes the minimum shield 
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table 3-20. APERTURE LOADS DUE TO IR EMISSION FROM SHADE 


Shade 

Frustum 

Maximum 

Minimum 

Nor 

ninal 

T3 a 

» 

Aperture 
Load (W) 

Shade 

Temp. 

(°K) 

Aperture 
Load (W) 

Shade 

Temp, 

(°K) 

Aperture 
Load (W) 

Inner 

288 

3.9 

208 

1.0 

232 

1.6 

Middle 

256 

1.5 

196 

0. 5 

220 

0.9 

Outer 

242 

0.7 

119 

0. 3 

210 

0. 5 

Total 

— 

6.1 

— 

1.8 

— 

3.0 


thermal emission load of 1. 8 W. The nominal sun angle with the LOS was 
taken to be 75° causing the scattered energy to be 0. 36W with a 1 percent 
solar diffuse scattering component. In addition the sun was orbit averaged at 
60 percent of its total input. Under these conditions the average aperture Load 
is 3,4W, Table 3-21 presents sources of aperture loads. The thermal analysi 
of the SIRTF telescope used a 3.4 W nominal aperture load. 

With respect to the earth, the original specification requirement is 
that the telescope meet its performance requirements when the LOS is at an 
angle of 30° to the hard earth horizon. To maintain a reasonable size, how- 
ever, the shade is designed to prevent off axis sources from illuminating the 
inner barrel when the sources are no closer than 45 to the LOS. 

The effect of the earth's horizon at 30° to the LOS was investigated; 

It was found that under this condition the aperture load was increased by an 
additional 7. 4 watts due to shade IR emission. When the albedo of 0. 4 is 


TABLE 3-21. APERTURE LOADS (W) 


Source 

Maximum 

N ominal 

IR 

6.1 

3.0 

Solar 

3.4 

0.4 

Total 

9.5 

3.4 
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also included the aperture load approaches 28 W. In order to obtain 
acceptable aperture loads in this environment an additional shade would be 
required or a mission constraint requiring that the earth's horizon come no 
closer than 45 to the LOS, This is the recommended approach. 

3.4.3 Results 

The thermal characteristics of the major configurations considered 
are presented in Table 3-22. The table presents significant cases in the 
evolution of the design. The first column is the first configuration consid- 
ered while the columns on the right are for the present design. The trade- 
off between two or three radiation shields can be seen by comparing columns 
one and two. The majo"^ thermal impact of using two radiation shields 
instead of three is an increase of 1 K of the first folding mirror temperature, 
which will still be below the 18 K limiti. It was therefore deemed thermally 
acceptable to use two shields. A mass savings of 75 kg (165 pounds) is 
realized. Column eight presents the temperature distributions for the 
present designfor the nominal case: 3, 4 W aperture load, 0, 1 gm/sec 
(19 lbs/ day) helium flow rate, 0. 2 W dissipation by the stabilization 
mirror and 1. 5 W dissipated by the MIC. Column five shows the tem- 
perature distribution for the present design with a 5 W aperture load and 
a helium flow rate of 0. 25 gm/ sec (48 lbs/ day). Column six and seven show 
the temperature distribution for a 9. 5 W aperture load varying the helium 
flow rate from 0.1 gm/sec (19 lbs /day) to 0.25 gm/sec (48 lbs /day). 

Table 3-23 shows the optics heat balance for the present design for a nom- 
inal case. 

3.4.4 Conclusions 

The thermal analysis indicates that the SIRTF telescope will main- 
tain the desired thermal conditions at flow rates of 0. 1 to 0. 25 gm/sec if the 
telescope LOS is kept 45*^ or more from the sun or earth. The helium sup- 
plied by two 1300 liter (45 cubic feet) tanks is adequate to meet the flow 
rates required for the duration of the missions. 

In a nominal aperture load environment, 0.1 gm/sec (19 Ibs/day) of 
cryogen is adequate to meet the minimum temperature. For the sun at 45° 
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TABLE 3-22. MODEL RESULTS (TEMPERATURES IN °K) 


Column Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Conditions 



■ , 



He Flow (Ib/day) (gm/s) 

95 (C 

.5) 

19 (0 

.1) 

48 (0.25) 

- 


19 (0 

.1) 

Aperture Load (W) 

5 


3 


5 

9. 5 


3.4 


MIC Disp. (W) 

1.5 


— 


1.5 

1. 5 


— 


Stab. Mir. Disp. (W) 

0.2 


0. 2 


0. 2 

0. 2 


0.2 


Fwd Radiation 
Shield Supports 

Titanium 

Wires 

None 


None 

None 

None 


# Radiation Shields 

- 


2 


2 

2 


2 


Variable 

3 rad, 
shields 

2 rad. 

S hi eld s 

MIC 
Disp. 
1 . 5w 

MIC 

Disp. 

0.75 

1. 5w MIC 
Disp. 

He Flow 
Rate 

48 lbs /day 
0. 25 gm/s 

He Flow 
Rate 

19 Ibs/day 
0.1 gm/s 

MIC 
Disp. 
1 . 5w 

MIC 

Disp. 

0.75w 

Component 






He inlet 

10. 0 

10,0 

10.0 

10. 0 

10. 0 

10. 0 

10.0 

10.0 

10.0 

MIC 

11.8 

11.8 

15.0 

13. 1 

12.6 

12.6 

14.9 

14.9 

13,2 

Beam Splitter 

11.7 

11.7 

15.3 

12.9 

13. 9 

14. 0 

14. 9 

14.7 

14.3 

Stab. Mirror 

11. 8 

11.7 

16.1 

13. 5 

13. 9 

14. 1 

15.5 

15.3 

14. 5 

Secondary Optics 

11.8 

11.6 

15.4 

13.2 

13. 9 

14.0 

14. 9 

14.7 

14.3 

1st Folding Mirror 

16. 3 

17.3 

22. 1 

20. 5 

16.6 

19.4 

23.3 

18. 1 

17.5 

Primary Optics 

11.8 

11.5 

15.4 

13.2 

13. 8 

14, 1 

15.5 

14. 8 

14.4 

Baffle (Fwd. ) 

15.2 

15. 9 

22.1 

20.5 

16.4 

18. 5 

22. 2 

17.8 

16, 6 

He Exhaust 

42. 5 

50,0 

89. 1 

98. 6 

50.0 

51.0 

97-3 

92. 1 

92.0 


^Nominal operating conditions. 














TABLE 3-23. HEAT BALANCE NOMINAL CASE SIRTF 


Sources 

OPTICS HEAT BALANCE 

Losses 

MIC 

l* 5w He Coolant 

6. 2w 

Stab. Mirror 

0. 2w 


Aperture 

3. 4w 


Fiberglass 

Isolator 

0. 5w 


Radiation 

Shield 

0. 6w 



6. 2w 

6 . 2w 

RADIATION SHIELDS HEAT BALANCE 


Sources 

Losses 


Outer Rad Shield 

He Coolant 

85. Iw 

Fiberglass 

Insulator 

18. 7w 


Multi-layered 

Insulation 

50o 5w 


Central Rad Shield 
Fiberglass 

Insulator 

1 . 2w 


Multi-layered 

Insulation 

14. 7w 



85. Iw 

85. Iw 


to the LOS and the earth fully loading the outside surface of the sun shade, 
the aperture load will be 9. 5 W. With this aperture load, a helium flow rate 
of 0. 25 gm/sec (48 Ibs/day) is required to meet the minimum temperature of 
18K for the 30 to 200 pm experiments. The flow rate rises to 0. 28 gm/sec 
for the 9, 5 W aperture loading at the end of the flight. 

During any mission the flow rate can be varied to meet changes in 
aperture loading and thermal requirements of the different experiments. By 
adjusting the cryogen flow rate, cryogen can be conserved extending the 
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available supply. For a tank capacity of 1300 liters (45 cubic feet) or 
160 kg (350 pounds) of helivim per tank^ one tank will be sufficient for a 
7 day mission xinder normal aperture loads utilizing 50 percent of its 
available cryogen at an average flow rate of 0. 1 gm/sec (19 Ibs/day). Two 
tanks will be stifficient for a 30 day mission averaging a helium flow rate of 
0. 1 gm/sec (19 Ibs/day). This longer mission will utilize 80 percent of the 
available cryogen. 

The first folding mirror is the critical element in the thermal design. 
It is most sensitive to aperture loads as it is directly heated by the aperture 
load. In addition, the first folding mirror is strongly coupled to the forward 
telescope barrel which is the primary heat sink for the absorbed aperture 
load. In order to further cool the first folding mirror, the forward portion 
of the telescope barrel needs to be more strongly coupled to the aft portion 
of the telescope barrel which is approximately 4. 5°K cooler. This will be 
done with the addition of a high conducting sheath or straps (1100 aluminum 
or high purity copper) on the telescope barrel. 

The initial cooldown of SIRTF on the pad in a period of one day is 
desirable. This can be achieved by first pre-cooling with liquid nitrogen 
(1 jN_) and then final cooling with helium. The average thermal capacity of 
SIRTF from room temperature to 10 K is 1, 3 x 10 joules/K. The time for 
cooldown will depend on flow rates; however, 10 gm/sec for both cryogens is 
adequate to achieve a one day cooldown. The thermal capacity of the optics 
between 10 K and 20 K is 3. 0 x 10 joules/K. The maximum excursion rate 
for the optics in the 20 K to 10 K temperature range resulting from 1 watt 
heat load will be 0. 1 2 C/hr. Hence, the optics temperatures will be stable 
with regard to transient heat inputs. 

Figure 3-66 is a schematic of the SIRTF telescope and tanks, with a 
table showing valve positions at various times from pre-launch cooldown to 
re-entry. Initially, Vj, V^, and are open and helium flows to the 

tank(s) and the telescope. At T-4, all valves are closed except and Vq 

D O 

which allow venting of the tank and telescope, and which is used to regu- 
late the pressure in the tank. The vacuum pump and D , d,, D and D dis- 
connect when the T-4 umbilical is disconnected. There is no change until 
cover removal. The valves are located as close to the tank and telescope as 
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VENT 



VENT 

OVERBOARD 


TO GROUND SUPPORT 
EQUIPMENT 


V - VALVES 
D - DISCONNECTIONS 
O - OPEN 
C - CLOSED 
R - REGULATED 
TO CONTROL 
FLOW 


OPERATIONAL 

STAGE 


V2 

V 3 

V 4 

V 5 

^6 

V 7 

Va 

REMARKS 

COOLDOWN 

0 

0 

c 

c 

0 

0 

c 

c 

PUMP ON 

T-4 

c 

c 

0 

R 

c 

c 

c 

0 

D5 - D8 AND PUMP 
DISCONNECT 

T-0 

NO CHANGE FROM T-4 

- 

IN ORBIT 

NO CHANGE FROM T-0 

- 

COVER OFF 

- 

- 

0 

R 


- 

0 

R 


INITIATE 

OBSERVATIONS 

NO CHANGE FROM COVER OFF 

D1-D4 DISCONNECT 

CONCLUDE 

OBSERVATIONS 

- 

- 

c 

0 

- 

- 

c 

0 

- 

REPLACE COVER 

- 

- 

c 

0 

- 

- 

c 

0 

- 


Figure 3-66. Schematic of SIRTF cooling and 
vacuum system. 

possible, to reduce heat leaks. When the cover* is removed, is opened to 
allow contaminant purging to begin, and Vg is used to regulate the purging 
flow. When the telescope is raised to begin operations, D^-D^ disconnect. 
They are located near the tank and telescope so that no unnecessary line 
remains attached to the telescope. At the conclusion of observations, Vg 
and Vy are closed and venting continues through and Vg. 
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3. 5 ACQUISITION, STABILIZATION AND POINTING 

This section discusses the stabilization and pointing of the SIRTF 
telescope using the Spacelab Instrument Pointing System (IPS) as the SIRTF 
mount. " A general description of the salient features of SIRTF and the IPS 
is given, and the interface between the two systems is discussed in detail. 

The SIRTF stabilization subsystem includes a gyro- stabilized platform 
mounted on the telescope body, a laser optical link to the focal plane, a focal 
plane star tracker, and a two-axis steerable mirror. The mirror is servo- 
driven to provide a high degree of stability for the SIRTF image. The SIRTF 
internal stabilization subsystem is very similar to the Ames -developed video- 

inertial pointing system (reference 3-24). 

A major conclusion of this study is thus that the SIRTF pointing and 

stabilization requirements will be met with SIRTF mounted on the IPS . Pre- 
liminary studies indicate that the telescope can be made sufficiently rigid so 
that the mass unbalance on the IPS does not cause impairment of performance 
due to telescope flexing. There remains, however, the serious limitation 
that the IPS cannot be performance tested on the ground prior to flight. 


3 . 5.1 SIRTF-IPS System Concept 

The general SIRTF-IPS installation in the Shuttle bay is shown in 
Figure 2-1 (page 2-2). The IPS gimbals are mounted on a platform supported 
by a standard Spacelab pallet. The gimbals support the telescope at its end 
point. In order to avoid damaging or misaligning the gimbal bearings and 
flexures during launch the telescope will be decoupled from the gimbals and 
supported along its length by a clamp-arm structure mounted on another pallet 
An illustration of the IPS gimbal configuration is given in Figure 3-67. 
The gimbals consist essentially of a universal joint mounted on a post. Angu- 
lar travel about a pair of axes normal to the telescope line-of-sight (LOS) is 


TPS confieuration discussed here is that which was documented 

■'at thftlmalJ Twf i. e. , as described in reference 2-4 and 

ihe Dornier Systems Technical notes released over the period 
August 1974 to March 1975. The IPS is currently undergoing redesign. 
thin this redesign is documented, a supplementary report on the 

SIRTF-IPS interface will be prepared and issued. 






provided by the bearings of the universal joint. Capability for rolling the 
telescope about its LOS is provided by rotation of the universal joint about 
the post. The gimbal base is soft-mounted to the platform to partially iso- 
late the gimbals from base-motion disturbances. The cables crossing the 
gimbals and the SIRTF gyro platform are not shown. 

IP S Gimbal Configuration 

A sketch indicating the angular coverage of the IPS gimbals is shown 
in Figure 3-68. The first gimbal (the gimbal mounted on the gimbal base) is 
designated as azimuth and provides ±180° of angular travel. The second or 
middle gimbal is designated as cross-elevation and provides ±60° of angular 
travel. The third gimbal (which supports the telescope) is designated as 
elevation and provides ±90° of angular coverage. 

The elevation and cross-elevation gimbals provide angular motion of 
the telescope about a pair of axes orthogonal to the LOS. When it is required 
to rotate the telescope about its LOS the azimuth gimbal must also be moved. 
It should be noted that since the azimuth gimbal is not attached directly to 
the telescope it is necessary in general to move all three gimbals over large 
angles to accomplish the telescope roll. 

A schematic showing the IPS bearing configuration is given in Fig- 
ure 3-69. Each IPS gimbal axis utilizes both flexure pivots and conventional 
ball bearings. The flexure pivots are used for precision pointing over a 
small angular range. The ball bearings provide the required large angular 
coverage. A brake is used to hold the ball bearings in a fixed position so 
that precision stabilization can be accomplished using the flexure pivots only. 
The friction torque of the brake is adjusted to be slightly less than the spring 
torque produced by the flexure pivots at their point of maximum excursion. 
When large angular travel Ts commanded the flexure pivots will wind up to 
their limits at which point the brake will begin to slip. 

There is considerable controversy at present as to whether the brakes 
are necessary or desirable. It is clear that in any operational mode where 
large gimbal travel is required the brakes create a difficult stabilization 
problem by injecting a large friction disturbance into the stabilization loops. 
(Subsequent to the completion of the study, we have been advised that the 
brakes will be deleted. ) 
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Figure 3-68. IPS angular coverage. 



Figure 3-69. IPS gimbal 
suspension configuration. 








The IPS gimbals are driven by brushless dc torque motors. Fach 
gimbal axis is equipped with a pair of torquers to provide redundancy. 

There are a number of reasons why an internal stabilization system 
is required as a final stage in addition to the IPS; 

• The IPS pointing stability requirement is 1 arc sec rms; the 
SIRTF stability requirement is 0. 25 arc sec rms. 

• The IPS stabilization loops are relatively low bandwidths, and 
cannot respond to high frequency excitations. 

• The SIRTF telescope focal plane can move by small amounts 
relative to the telescope outer housing. 

Hence, the final control of the system must be exercised in the SITRF 
focal plane. Several configurations have been developed; the two favored 
approaches are shown in Figures 3-70 and 3-71. 

The mode of operation differs depending on the brightness of the 
guide star. For a bright guide star (~M^ = 8), the CCD array (Figure 3-70) 
or the star tracker (Figure 3-71) detects and tracks the guide star. Motion 
of the guide star generates an error signal in the electronics which is fed 
back to the stabilization mirror (second folding mirror - Figure 3-70; first 
folding mirror - Figure 3-71). 

The remainder of the stabilization subsystem is used when the guide 
star is weaker (M^ = 9 to = 14). Magnitudes as low as 14 are required 
to provide greater than 99 percent probability of having a guide star in the 
30 arc min diameter star tracker field of view. At magnitudes of 9 to 14, 
the sensitivity of the star tracker is such that it must integrate for 0. 1 sec 
or longer in order to achieve adequate signal-to-noise ratio. The long inte- 
gration time does not permit stabilization of high frequcincy disturbances. 

To solve this problem, a gyro-stabilized platform is used; The plat- 
form provides the short-term stable reference, and the gyro drifts are 
periodically corrected by data from the focal plane star tracker. This basi- 
cally simple system is complicated by the. fact that the gyros cannot be 
located in the SIRTF focal plane; There are no gyros designed to operate at 
cryogenic temperatures, and the heat load of a warm gyro platform would 
boil off large amounts of cryogea. Thus, the stable platform is used to 




Figure 3-71. Optical stabilization loop using chopping bypass 
mirror and quadrant detector. 
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generate an artificial star which is directed to the focal plane and detected 
and tracked by the focal plane star tracker, A corner reflector directs the 
laser source onto a small area of the primary mirror. Cooled narrow-band 
optical filters and baffling are used to prevent other energy from entering 
through the corner reflector. In the system illustrated in Figure 3-70, the 
energy from the laser passes through the telescope and is detected by the 
CCD array star tracker. Flexing of the SIRTF telescope, or motion of the 
IPS and/ or telescope appear as motions of the artificial star; error signals 
are generated and the steerable second folding mirror corrects the line of 
s ight. 

In the system of Figure 3-71, the laser beam does not fall on the 
second folding mirror, but on a fixed by-pass mirror which directs it to a 
quadrant detector located slightly off-axis. As the laser beam moves from 
the center of the quadrant detector, an error signal is generated and the 
steerable first folding mirror holds the line of sight stable.. 

The final step in stabilization is to use the gyro error signals directly 
to make an additional correction to the steerable mirror. It is expected that 
the platform can be stabilized to within 1 arc second. A further improvement 
in the LOS stabilization can be realized by using the platform gyro signals as 
additional inputs to the optical alignment mirror servos. These feed-forward 
signals cannot accomplish complete correction due to variations in the scale 
factors involved. It is usually possible to achieve a reduction on the order 
of 15/1 to 20/ 1 by use of a feed forward technique. This will bring the 
SIRTF LOS jitter to well within the required value of ±0. 25 arc second. 

To insure that the IPS follows the SIRTF star tracker, the gyro error 
signal is also fed to the IPS and the IPS is slaved to the SIRTF star tracker. 

The general scheme for slaving the telescope to the stable platform 
is shown (for one axis) in Figure 3-72. The SIRTF rate integrating gyros 
provide an inertial reference for the stable platform. The difference between 
the platform position and the IPS gimbal position is the platform gimbal angle 
6p This angle is used as an error signal to drive the IPS gimbal 
slave loop. The slave loop will tend to align the IPS gimbal with the platform 
and thus drive the platform gimbal angle to zero. The IPS gyro is used in a 
rate mode to measure the inertial angular rate of the platform. This 
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Figure 3-72. IPS gimbal slave loop configuration. 

T producing a rate loop 

ns.de the slave loop. The rate loop adds damping to the servo and avoids 

e s a 1 ity problems that might be encountered with Type II slave loop 
operation. ^ 

In evaluating the merits of the configurations of Figures 3-70 and 
3-71. several considerations must be taken into account. The Figure 3-70 

confLgLiration, with the CCD star tracker ^ mi • 

... ^ ti acker, is a cleaner implementation if the 

CCD wai perform the necessary functions. These include reading out the 

lowT T'ttr"' """ ‘he weak guide star at 

low bandwtdth stmultaneously with the laser beam readout. This is discussed 
further in Section 3. 5. 3 below. Tscussed 

The configuration of Figure 3-71 is simpler in that each component 

perfo^s one function. However, the auto- alignment beam is reflected from 
a ixe mirror near the second folding mirror while the target energy is 
reflected from the moving mirror. Position transducers read the relative 
positions, but any errors which develop in the transducers cannot be removed 
by the servo system. Thus the approach pictured in Figure 3-70 is preferred 
Table 3-24 summarizes the IPS and SIRTF stabilization performance. 
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Besides stabilization, the SIRTF telescope must provide space chop- 
ping, i, e. , the beam of the telescope is alternately directed at the source 
and at a nearby patch of sky so that any fixed background irradiance can be 
subtracted out. In the Figure 3-70 configuration, the chop commands are fed 
into the servo loop and the second folding mirror carries out the chop com- 
mand superimposed on the stabilization commands. In the Figure 3-71 con- 
figuration, the second folding mirror provides the chopping independent of 
the stabilization. 

Control of stabilization during chopping can be exercised at three 
levels in the Figure 3-70 system, depending on the intensity of the guide star 
and the frequency of the chop: 

1. The CCD array senses the position of the guide star at each end 
of the chop and corrects it during the dwell. 

2. The CCD star tracker senses the time-averaged position of the 
guide star at each end of the chop and corrects the average posi- 
tion (over a few chopping periods). 

3. The CCD star tracker senses the time-averaged position of the 
guide star at one end of the chop. The other end of the chop 

is not controlled. 

All of these modes are within the capabilities of the system provided the data 
rates are high enough and/ or the chop rates low enough. It is planned to 
implement level (2) initially for relatively low bandwidths; implementation of 
level (1) can be made as a later modification to the basic servo system if it 
is needed. 

3. 5. 2 SIRTF - IPS Operational Sequence 

The sequence of operations required to acquire a desired guide star 
with the SIRTF internal star tracker involves Shuttle, IPS, and SIRTF sub- 
systems. The basic operations for acquisition of the first object are: 

1. Align the Shuttle Inertial Measurement Unit (IMU) with respect 
to celestial coordinates by using the sun sensor and star tracker 
associated with the IMU. These components and subsystems are 
mounted on the Shuttle navigation base. 
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TABLE 3-24. SIRTF-IPS STABILIZATION PERFORMANCE 



ii 


IPS Gimbal Angular Coverage 


Coarse Pointing; 


Elevation 

±60° 

Cross -Elevation 

±90° 

Azimuth 

±180° 

Fine Pointing: 


Elevation 

±1° 

Cross -Elevation 

±1° 

As imuth 

±1° 

IPS Gimbal Stabilization (bias + jitter) 

Coarse Pointing: 


All axes 

±30 arc second RMS to 


±1 arc minute, RMS 

Fine Pointing: 


Elevation 

±1 arc second, RMS 

Cross-Elevation 

±1 arc second, RMS 

Roll (about LOS) 

±30 arc seconds, RMS 

SIRTF Gyro-Platform Stabilization (bias + jitter) 

1 arc second, RMS (orthogonal to LOS) 

o> 

Overall LOS Stabilization (bias 

+ jitter) 

1/4 arc second, RMS (orthogonal to LOS) 

^.'With autoalignment system and 

gyro feedforward signals. 
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2. Call up the pre -computed data stored in the onboard computer 
regarding the first guide star and command the Reaction Control 
System (RCS) to orient the Shuttle body axes to the correct 
spatial angles. 

3. Prepare the SIRTF telescope for observation by releasing the 
telescope hold down clamps that lock the telescope to the Shuttle 
pallet, operate the mechanism that, attaches the telescope and 
the IPS integration plate, and release the telescope cover. 

4. Rotate the IPS gimbals to pre -computed angles by commanding a 
gimbal positioning servo loop, then extend the SIRTF telescope 
sun shade. 

5. Transmit pre-stored guide star coordinates and magnitude data 
to the IPS star trackers, and command the star trackers to 
acquire the first set of guide stars. 

'j’r ajisixiit pre-stored guide star coordinates and noagnitudes to 
the SIRTF star tracker, and command the star tracker to acquire 
the guide star. 

If it is desired to select a guide star not included in the precomputed 
and stored data, then onboard- or ground- generated commands may be 
utilized. Normally, the Shuttle pilot will ■'Sbmm and the IMU alignment and 
Shuttle orientation, the mission specialist will control or monitor the IPS 
gimbal orientation and star tracker acquisition, and the payload specialist 
will control or monitor the SIRTF star tracker acquisition and telescope 
pointing. 

After the first guide star has been acquired, a simplified procedure 
may be used to acquire the second and subsequent guide stars as follows; 

1. Call up the pre-computed and stored data regarding the second 
guide star, which will contain the data necessary to torque the 
IPS gyros so as to slew from the coordinates of the first guide 
stai' to those of the second. These data will include a torquing 
rate and torquing duration for each of the IPS gyros. This 
torquing can be done with adequate precision to insure that the 
second guide star will be within the central portion of the SIRTF 
field of view (FOV) at the end of the torquing sequence. 

2. If through some operational error or transient equipment mal- 
function, the second guide star is not acquired, then repeat the 
torquing operation in the opposite direction so as to reacquire 
the first guide star. If this operation is not successful, then 
repeat the acquisition sequence originally used to locate the first 

guide star. 
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The significant parameters and precision of each subsystem and 
alignment sequence are tabulated in Table 3-25. Note that the structural 
bending and instability of the Shuttle between the navigation base and the IPS 
mounting point can produce errors as large as ±2 deg. However, the 8° x 
8° FOV of the IPS wide angle stai- trackers is more than sufficient to assure 
acquiring the guide stars. Similarly, uncertainties in the SIRTF telescope 
structure can cause errors as large as ±3 arc minutes between the IPS star 
tracker mounting base and the SIRTF telescope LOS, The SIRTF internal 
star tracker FOV of 30 arc minutes insures that the SIRTF star tracker can 
acquire its selected guide star. The optical stabilization subsystem in the 
SIRTF telescope will then align the LOS to within ±0. 4 arc second, Icr, 

3. 5. 3 Subsystem Studies 

CCD Star Tracker 

The mechanization of Figure 3-70 employs a CCD array. This detec- 
tor has the large dynamic range, linearity, and fine resolution required to 
accurately measure the small stabilization error (±0. 25 arc second) at each 
end of a relatively large chopping command (up to 7. 5 minutes of arc). The 
CCD detector has four equal horizontal fields as shown in Figure 3-73. One 
field is used for the reference beam readout, which is done at a high rate 
consistent with the chopping servo bandwidth requirements. The remaining 
fields are read out at a low rate consistent with the integration time required 
to obtain an adequate S/N ratio from the guide star signal. The advantages 
and disadvantages of the CCD approach are: 


Advantages 

1. Only one two -axis drive 
is required. 

2. The target rays and 
reference beam travel 
identical paths through 
the telescope. 

3. The CCD array provides 
a video output of the 
entire telescope 30 arc 
minute field. 


Disadvantages 

The CCD array involves new 
technology with some unknowns 

The large dynamic range and 
high accuracy requirements of 
the stab/chop servo may result 
in crosstalk or interference 
between the chopping and ^ 
stabilization functions. 
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TABLE 3-25. STAR ACQUISITION ELEMENT CHARACTERISTICS 



Acquisition Sequence Element 


IMU 

Alignment 

Shuttle 

Orientation 

Telescope 

Pointing 

WFOV 

Star Trackers 

SIRTF 

Star Tracker 

Sensor 

Sun, Star Trackers 

IMU 

Resolvers 

WFOV Star 
Tracker 

SIRTF Star 
Tracker 

FOV 

— 

- 

±60°, ±90°, 
±180° 

8° X 8° 

50 min 

Error(3(r) 

- 

- 

1 min 

±9 

0 . 4 sec 

BW 

- 

- 

- 

0. 16 Hz 

5 Hz 

Controller 

IMU 

Flight 

Controller 

IPS ACS 

IPS ACS 

SIRTF 

Stabilization 

Loop 

Error (3o-) 

- 

o 

in 

d 

- 

- 

0. 75 s^ 

Actuator 

IMU Torquers 

Shuttle RCS 

IPS Torquers 

IPs Torquers 

Stabilization 

Mirror 

Reference 

Nav. Base 

Nav. Base 

Nav. Base 

IPS Integra- 
tion Plate 

Inertial 

Space 

Total Error (3o-) 

0.1° 

' 

0.35° 

0. 35° 

9 sec 

- 

SIRTF EOS Error (3cr) 



-2° 

(Orbiter 

Structure) 

~3 min 
(Telescope 
Structure) 

1. 1 sec 

IMU — Inertial Measurement Unit 
RCS — Reaction Control System 
ACS — Attitude Control System 











»>.S > 




lx. 








1 




1 

■ 

II 

tr 


, SLOW 
READOUT 

II 


III 




III 


IV 

y 

FAST READOUT 

IV 



FAST READOUT 


> SLOW 
I READOUT 


* GUIDE STAR 

* REFERENCE BEAM 


• REQUIRES PLACEMENT OF REFERENCE 
BEAM IN UNUSED FIELD 


• PERMITS OPTICAL SERVOING OF CHOPPED 
BEAM 


Figure 3-73. Four-field readout of CCD star tracker. 


Reactionless Drive Mirror 

A drawing of the second foldingm irror and reactionless drive is 
included in Figure 3-74. A reactionless drive is required to avoid exciting 
telescope structural resonances which would otherwise occur when the mir- 
ror is commanded to chop over the wide frequency range from zero to 200 Hz. 
Both the mirror and reaction inertia are mounted with a pair of flexures to a 
cruciform shaped spider unit. The remaining pair of spider arms is attached 
to the telescope structure by a second identical pair of flexures. In this way, 
both the mirror and reaction inertia are flexure suspended for motion with 
respect to the base (cold telescope) about two orthogonal axes. Four moving 
coil electric driver assemblies, similar to a loud speaker cone driver, are 
attached between the mirror and reaction inertia at 90 degree intervals. 
Diametrically opposing pairs of drivers excited in opposition produce equal 
and opposite torques and forces on the mirror and reaction inertia. The net 
reaction torques and forces on the base are then cancelled. The specifica- 
tions for the reaetionless mirror drive are listed in Table 3-26. 

Space Chopping Drive 

The space chopping waveform is shown in Figure 3-75. Equal and 
opposite constant torques are applied to the mirror during acceleration and 
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Figure 3-74. ReactionLess two-axis drive 
for second folding mirror. 
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TABLE 3-26. SECOND FOLDING MIRROR DRIVE SPECIFICATIONS 


Type 

Two axis reactionless 

Torquers 

Moving coil electric 

Supports 

Two axis Bendix type flexures 

Angular Excursion 

±2 degrees, maximum 

Bandwidth 

500 Hz 

Weight 

15. 5 kgm 

Power Dissipated at 20°K 

1. 3 mw (1 arc minute chop at 20 Hz) 



deceleration so that a symmetrical waveform is produced. The mirror 
throw is defined as the total angular excursion of the mirror. The dwell D 
is the fraction of the total time that the mirror spends at the end points of 
the throw. The dwell can be expressed as 




2f 


1-4 fT 
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where f Is the chopping frequency and T is the time required to either 
accelerate or decelerate the mirror. The angle 6 shown in Figure 3-75 is 
one half the mirror throw. The throw can also be expressed in image space 
using the relationship 

'P - o. 01665tt'' 

where is the peak-to-peak throw in image space expressed in arc minutes. 
The angle 0 in the above equation is expressed in radians. 

The relationship between the chopping frequency, chopping power, 

dwell, and throw in image space is 



where: 

f = chopping frequency (Hz) 

P = chopping power (watts) 

D = dwell 

<j) = throw in image space (arc minute) 

A = mirror diameter (cm) 

2 

J = mirror inertia (N-m-sec ) 

"The constant K in the above equation is adjusted to accommodate the units. 

The numerical value of K is 0. 703. The minimum chopping performance 
requirements are given in Table 3-27. The throw and frequency ranges 
listed in the table define rectangular areas on the graphs of Figures 3-76, 
3-77, 3-78, and 3-79. Figures 3-76, 3-77, 3-78, and 3-79 are plots of the 
relationship between frequency, throw, and dwell for 10 mw, 30 mw, 100 mw, 
and 500 mw of chopping power, respectively. The portions of the rectangular 
areas that exceed the specified dwell curves are indicated by cross-hatched 
shading. The rectangular area defined by the throw range of 0 to 1 arc 
minute and the frequency range of 0 to 200 Hz exceeds the 90 percent dwell 
curve over a portion of the range in all cases and is not shown on the figures. 
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Figure 3-79. SIRTF chopping mirror 
performance - 500 mW. 



However, the purpose of the very high frequency chop is to reject low- 
frequency excess noise; it can be rejected more efficiently by mean*? of a 
chopper wheel mounted in the experimental instrument. 



3. 6 SIRTF TELESCOPE PERFORMANCE 



t 


The purpose of this section is to assemble thr major SIRTF 
performance parameters in a single location in this report. Many of the 
parameters are discussed extensively in other sections of the report. The 
performance parameters of interest are those which directly affect the 
acquisition of scientific data. They fall broadly into two groups; spatial 
characteristics and radiometric parameters. The spatial characteristics 
include resolution, field of view, pointing accuracy and stability, and the 
space chopping parameters. Radiometric performance includes sensitivity 
limitations imposed by telescope temperature, shuttle contamination, resid- 
ual atmosphere, and zodiacal emission. 

3. 6. 1 Spatial Performance Par ameters 

The resolution and field of view of the SIRTF telescope are discussed 
first under static conditions; the effects of space chopping, and the pointing 
accuracy and stability discussion follows. 


Resolution and Field of View 


The resolution of the SIRTF telescope is evaluated at 5fi, in accord- 
ance with the performance specification (Reference 3-25). Figure 3-80 shows 
the point spread function. Due to the very high degree of correction of the 
optical system, the point spread function does not change as a function of 
position in the field of view. The dimensions and amplitudes of the various 
features of the diffraction spot are shown in Figure 3-80. Table 3-28 relates 
linear and angular dimensions of the SIRTF focal plane. The first dark ring 
encloses 53 percent of the energy in the diffraction blur; the second dark ring 
encloses 83 percent of the energy. 

The telescope will be mounted on the Instrument Pointing System, 

The IPS provides the freedom for pointing over a 60 degree half-angle cone. 
The region near the tail is excluded since the tail will be a warm off-axis 
source radiating into the telescope. The limitations imposed by the tail are 


dependent on SIRTF placement in the bay and wavelength and sensitivity of 
operation. Figure 3-81 shows a 15° minimum angle between the LOS and the 
tail, corresponding to the situation for zodiacal- emission-limited performanc< 
at lOfi, which is the most restrict 5 d case. 
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Figure 3-80. On-axis point spread function, X = 5 micometers. 


TABLE 3-28. SIRTF FOCAL PLANE LINEAR AND ANGULAR 

DIMENSIONS 



Angular 

Linear 

IR FOV 

15 arc min 

34. 76 mm 

Dia 1st dark ring at 



5p 

1. 9 arc sec 

0. 073 mm 

50p 

19 arc sec 

0. 73 mm 

500p 

3 . 2 arc min 

7 . 3 mm 

Dia 1st bright ring at 



5p 

3. 8 arc sec 

0. 146 mm 

50p 

38 arc sec 

1 . 46 mm 

500p 

6. 3 arc min 

14. 6 mm 

Scale Factors 

1 . 2555 mr / cm 



4.315 arc min/ cm 


258.9 arc sec/cm 
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Space Chopping 

The second folding mirror can be driven to provide space chopping in 
two perpendicular directions to either side of the optical axis. The perfor- 
mance of the chopping mirror (throw, frequency, and dwell at the end posi- 
tions) is a function of the power which can be absorbed by the cooling system 
at the second folding mirror. For a nominal 100 mW dissipated by the sec- 
ond folding mirror, the chop throws, frequencies, and dwells shown by the 
curves in Figure 3-82 can be obtained. The straight lines define the 



Figure 3-82. SIRTF chopping power 
requirements - 100 mw. 



requirements which are also listed in Table 3-29. All requirements are met 
except the 200 Hz - 1 arc minute - 90 percent dwell requirement. This 
requirement was based on the need for chopping (and synchronously demodu- 
lating) certain detectors to escape excess noise limitations. It can equally 
well be met by including a cold chopper wheel or tuning fork in the particular 
instruments where it is required. Alternatively, operation of the second 
folding mirror at higher power levels for limited periods of time will be 
possible although the conditions have not been defined. 

In Table 3-29 the throw is total (end-to-end) in object space, and the 
dwell is expressed as the fraction of the period that the image spends at its 
extreme positions. 

Because the space chopping is controlled by the same servo that con- 
trols image motion compensation, the stability of the throw and of the dwell 
will be comparable to that of the stabilized stationary image, as discussed 
below. 

Pointing and Stabilization 

Prediction of the pointing and stabilization performance of SIBTB is 
uncertain due to lack of definition of Orbiter excitations and structural modes, 
and definition of IPS capabilities. These uncertainties mean that the forces 
and torques acting on the SIRTF telescope are not defined, and hence detailed 
analysis is not meaningful. However, estimates have been made. 


TABLE 3-29. CHOPPING PERFORMANCE REQUIREMENTS 


Throw, arc min 

Frequency, Hz 

% of Cycle at Limits 

0 to 1 

0 to 200 

90 

1 to 4 

0 to 20 

90 


20 to 40 

80 

4 to 10 

0 to 20 

80 

10 to 15 

0 to 20 

70 
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Assuming that the star tracker array data can be processed to 
provide centroid location to 1/10 the center-tc-center spacing of elements, 
the pointing error will be on the order of 0.4 arc second. Table 3-30 gives 
the stabilization system errors, exclusive of the CCD pointing error. Thus 
automatic pointing will provide 0.4 arc second pointing error plus an addi- 
tional 0. 1 arc second of stabilization system bias and jitter. The payload 
specialist can correct the CCD pointing error for a given location certainly 
by as much as a factor of 3 to bring the total pointing error (bias plus jitter) 
to within 0. 25 arc second rms. Whether the star used to guide on is on or 
off the telescope axis makes no difference in tracking accuracy. The 30 arc 
second roll stability of the IPS results in a linear angular error orthogonal 
to the line of sight at the edge of the field of view under 1/10 arc second. 
Hence no additional roll stabilization is required. 

Scanning 

SIRTF offers two methods of performing raster scans over restricted 
regions of the sky as required by the specification. For small fields, the 
second folding mirror can be driven while the telescope is held stabilized by 
the IPS. Figure 3-83 illustrates two fields that can be accommodated. These 

TABLE 3-30. SIRTF STABILIZATION SYSTEM ERROR ESTIMATES 


nas + jitter) 

±30 arc sec, RMS to ±1 arc min, 
RMS 

±1 arc sec, RMS 
±1 arc sec, RMS 
±3 arc sec, RMS 

SIRTF Gyro -Platform Stabilization (bias + jitter) 

1 arc sec, RMS (orthogonal to LOS) 

Overall LOS Stab ilization with autoalignment system and gvro 
feedforward signals (bias + jitter) 

1/10 arc sec, RMS (orthogonal to LOS) 


IPS Gimbal Stabilizat ion 

Coarse Pointing; 

All axes 

Fine Pointing; 
Elevation 
Cross -Elevation 
Roll (about LOS) 
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Figure 3-83. Example scan fields using second folding mirror scanning. 

scan patterns can be executed with pointing accuracy and stability comparable 
to the static pointing case, since the gyro drifts will be small over a scan 
period (across and back). The guide star will be reacquired each time it 
returns to the field of view. 

For larger scan patterns, the TPS gimbals will be used. The IPS is 
expected to maintain its 1 arc second stability over a ±1 deg field. Providing 
that the IPS can maintain this level of stability in a dynamic (scanning) situa- 
tion, the line of sight stability and pointing accuracy will be comparable to 
that in the static pointing case. Several guide stars, situated throughout the 
raster pattern, will be used to correct gyro drift over the scan period. 

3,6.2 Radiometric Performance 

The SIRTF specification called for a telescope design which would 
provide the levels of performance listed in Table 3-31. The required sen- 
sitivity is achieved by cooling the telescope to 18°K (to meet the 200p 


3-150 


TABLE 3-31. SIRTF RADIOMETRIC PERFORMANCE 

SPECIFICATION 


Wavelength 

Range 

FOV diameter 
(arc min) 

NEP (W nTHz-IOp) 

5p to 30p 

1. 0 

10-17 

5 to 30p 

8.3 X 1 0 “ 

10-18 

30p. to 200|j. 

1.0 

10-16 


requirement) or 21°K (to meet the 30}ji requirement). The 1 arc minute FOV 
requirement dominates in the 5\x to 12p. band while the 8. 3 x lO'^X arc minute 
FOV requirement dominates from 12 |j. to 30^ji. It became evident during the 
study, however, that the telescope will probably be limited by external 
phenomena: residual atmosphere above the Shuttle, zodiacal emission, and 
molecular and particulate contaminants ejected by the Shuttle. More exten- 
sive discussion of the contaminant environment is given in the referenced 
papers by Witteborn and Simpson; Section 3. 6. 3 provides data on a current 
model of the zodiacal emission in the infrared. 

Figure 3-84 shows the situation with respect to the residual atmo- 
sphere. The assumptions made in developing the atmospheric model are 
discussed fully in Reference 3-26 (Simpson and Witteborn). Bars on the 
individual lines indicate line strengths at 250, 300, 350, and 400 km altitude. 
For the short wavelength lines, the dashed lines indicate nighttime strengths 
and the solid ones, daytime strengths. The figure makes clear that the only 
interference will arise from the NO lines between 5 and 6 microns. Strictly 


'■'The NEP's discussed and shown on graphs in this section are strictly 
based on photon fluctuations; i. e. , they do not take into account the 
facts that (1) for photoconductive detectors, each photoelectron gener- 
ates a hole-electron pair and hence the electrical noise is ^/2 times 
greater than the photon fluctuation noise; and (2) the quantum efficiency 
n. The actual performance of the given detector in the SIRTF focal 
plane will be \fz/r\ worse than illustrated here. 
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1 


NEP = 10"^^ 


SIRTF REQUIREMENT 




SIRTF REQUIREMENT 


NO 10*^^^' 


SIRTF 

REQUIREMENT 


NO'^ + NO + CO 





WAVELENGTH (#i) 

Figure 3-84. Photon fluctuation noise in 
the SIRTF focal plane caused by emission 
of atmospheric gases. 


speaking, even these do not exceed the requirement, which is based on the 
average over a lOp-wide band. 

Figure 3-85 illustrates the situation with respect to Shuttle -generated 
contaminants. The column densities assumed in Figure 3-86 are 10^^ 

7 11 O 

molecules /cm*^ of H 2 O and 2 x 10 molecules/cm of CO 2 . Other assump- 
tions relevant to the radiance values (e.g., temperatures) are discussed in 
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RADIANT POWER ON DETECTOR, WATTS 



Figure 3-85. Radiant power on 
the 1 arc minute SIRTF detector 
due to water and carbon dioxide 
released by the Shuttle. (The 
SIRTF NEP requirement is 
shown for comparison. The 
4, 3 pm and 15 pm bands of ^^2 
and the 6.3 pm band of ^ 2 ^ 3-re 
excited by collisions with mole- 
cules in the earth's atmosphere; 
marks are 250, 300, 350, and 
400 km. ) 


Reference 3-26. As Figure 3-85 shows, one water and one carbon dioxide 
line exceed the SIRTF requirement level, although there is not enough energy 
in the lines to exceed the requirement over its lOp band. The only band 
where contamination will limit telescope performance is 20p to 30p where 
the H 2 O rotational lines exceed the NEP requirement by about a factor of 1. 7. 

The column density of water vapor will vary as a function of Shuttle 


operations. Shuttle orientation, and line of sight. 

Figure 3-86 is a plot of the individual contributions to the 20 to 30p 
water vapor rotation band background for various orientations of the Shuttle 
and the SIRTF line of sight. Definitions are as follows: 


Position 1; 
Position 2; 


Top of Shuttle and payload bay facing sun. 

Top of Shuttle and payload bay facing away from 
sun and earth. 


1 POSITION 1 

POSITION 2 

POSITION 3 
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POSITIONS AND LOS ORIENTATIONS ARE DEFINED IN TEXT 


NEP LEVEL CODE; 0 
L 
15 

17 


= OFF GASSING AFTER 24 HOURS 
= CABIN LEAKAGE PLUS OFF-GASSING 
= EVAPORATORS AT POSITION 15 PLUS 
OFF-GASSING PLUS LEAKAGE 
= EVAPORATORS AT POSITION 17 PLUS 
OFF-GASSING PLUS LEAKAGE 


NEP EQUIVALENT TO 
10*’® W/ Hz FOR 
DIFFRACTION-LIMITED FOV 


Figure 3-86. Water vapor rotation band 
radiation (20-30p) and SIRTF NEP. 
(Data from reference 3-27, ) 


Position 3; 

One side of Shuttle facing sun; payload bay is 
shaded. 

LOS + Z; 

Straight up out of payload bay. 

LOS 50° + X: 

Forward over cabin 50° from perpendicular 
to payload bay floor. 

LOS 50° + Y: 

Over wings 50° from perpendicular to payload 
bay floor. 


Note that Position 1, LOS + Z is looking directly at the sun and hence has 
been disregarded. In position 3, the 50° + Y LOS is away from the sun. 
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The points made by Figure 3-86 are (1) for three cases with the 
evaporators off (position 2, + Z and 50° + Y, and position 3, 50° + Y) the 
NEP requirement will be met; (2) for all cases but one (position 1, 50° + X) 
an NEP of 1. 0 x 10 W/ Hz is obtained with the evaporators off; and 
(3) for three cases (position 2, + Z, and 50° + X, and position 3, 50° + X) 
an NEP of 1. 0 x 10 w/y Hz is obtained with the evaporators. 

According to a study by Martin- Marietta for NASA-MSFC, (Reference 
3-27) the water evaporators produce column densities, for some view angles, 
that may be in excess of the requirements. Since the evaporators are a prime 
concern, SIRTF planning includes tanks for water storage during periods that 
the evaporators are not required for heat rejection. These tanks can be emp- 
tied periodically at times when observations will not be impaired by a high level 
of molecular water and/or ice particles in the Shuttle vicinity. If water storage 
tanks are equally necessary for other astronomy payloads, it is suggested that 
they be made a standard optional Shuttle kit. 

Another result of the Martin- Marietta study is that the water vapor 
column density produced by RCS engine firings is about 2-1/2 orders of magni- 
tude higher than that shown in Figure 3-86, with the result that the limitation 
on sensitivity is 10 to 20 times worse than the requirement; i. e. , in the low 
10 W / y/ Hz region. This leads to the need for either (1) operation in 
the XLV (nose or tail down) gravity-gradient mode to reduce RCS firings 
to an absolute minimum; or (2) use of control moment gyros for Orbiter sta- 
bilization to eliminate the need for RCS firings during observation periods. 

As mentioned before, local vertical mode operation requires fine pointing 
by the IPS over large slew angles to provide the requisite long integration 
times. 

Another contamination concern is purging of the fuel cells. Definition 
of the resulting column densities has not yet been published, but the location 
of the purge vents and their effect on the column density must be evaluated. 

3.6.3 Zodiacal Emission Model 

The thermal radiation from interplanetary dust acts as an LWIR 
source extended over the entire sky. The radiation is stronger in the ecliptic 


plane and towards the sun. The variation in the anti-solar hemisphere is 
small since the radiation is dominated by particles relatively near the earth. 
There is little observational data to guide a theoretical description, but it is 
clear that zodiacal radiance limit telescope performance, across the 5 to 
30p band. The model proposed here, like others, suffers from the paucity 
of data about the chemical composition, and hence the optical properties, of 
the dust, and about its size and space density distribution. 

Dust Material 

The choice of dust materials used in this model is guided by observa- 
tions of dust clouds associated with stars and with the dust released by comets 
into their tails. Cometary dust tails are thought to contribute part or all of 
the interplanetary dust. Spectral observations of these objects show a silicate 
feature at 10 pm. The picture is complicated by three factors: it appears that 
more than one kind of material is present; a given dust particle may not be 
homogeneous; and a certain proportion of metallic materials may be mixed 
in with the silicates. (Reference 3-28, 3-29, 3-30. ) The detailed chemical 
composition is not determined from the observations but some understanding 
about the expected spectral distribution can be gained by assuming a material. 

In order to calculate radiances from the model, the optical constants 
of the chosen material must be known. The simplest silicate is crystalline 
quartz but it is not a realistic choice. Stony meteorites which strike the 
earth contain minerals of the olivine family which have impurities mixed with 
the quartz. Andesite is an example and it is used in the present model. The 
optical constants are given in Reference 3-31. Andesite has a visible absorp- 
tion coefficient of 380 cm” ^ which makes an 18 pm particle absorb 50 percent. 
The effect of this visible absorptance on the model will be discussed below. 

Particle Size and Number Deii sity Distribution 

The dust particle size and number density distributions provide the 
basis for the zodiacal emission calculations. No ideal source of data exists 
on the interplanetary dust. Visible zodiacal radiance has been thoroughly 
studied, but it is not possible to derive unambiguous size and density distri- 
butions from the radiance data. Studies of comet radiance similarly indicate 
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more than one possible distribution depending on conditions during tail 
ejection. 

Direct satellite observations (microphonics or diaphragm rupture) 
provide the best data, although care must be taken to avoid systematic micro- 
phonics, which contaminated some early measurements. The size distribu- 
tion is plotted in Figure 3-87, which shows data from references 3-32 and 
3-33. Also shown are micrometeorite counts on moon rocks (Schneider), 
which lie below the other estimates. For large particle radii, photographic 
studies of meteorites were used. Two curves are drawn through the data and 
used in the calculations. One is through the center and one is along an upper 
envelope. 

The total particle density was assumed to be inversely proportional 
to the distance from the sun as measured by Pioneer 10, Reference 3-34. 



Figure 3-87. Particle size distribution. 
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Mathematical Statement of the Problem 

The spectral radiance of zodiacal dust from a volume dV (Figure 3-88) 
can be expressed as 


t " 


N(X) = 


CO 00 

/ /D,a. 


r) CE(\, a) 


B(X, T^) 


IT 


da ds 


lA.U. o 



B(X. T^) 
CE(X, a) 


is the Planck radiation function for a particle with a 
temperature in watts/cm - H-ni and 

is the emission cross section of a particle with radius a:at a 
^.avelength X such that the spectral radiant intensity J m 
watt - sr ^ pm emitted from the particle is given by 


J(a, X) = CE(X, a) 


B(X. TJ 


IT 


and 


■ the balance between the energy absorbed by the particle 
::rr:; the energy re-emltted thermally when the particle Is In e,ulllbrlnm. 

The relation is 


CO f 

/ CE(a, X) B(X, T J j 


CA(a, X)- B(X, TJ dX 


■where 

T is the temperature of the sun, 

o 

R is the radius of the sun, 

r Is the distance from the son to the particle and 
CA(h, a) is the absorption cross section snch that 

CA(X, a) - CE(X, a) 


" “' f‘rddrorThf!uible radiance from the interplanetary dust as 
..edicted by this model will be calculated to determine whether it is constan 

/Ith visible observations. It is given by 
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N(X) 


00 CO 

/ 


2 2 
K 


3 D(a, r) jS(6)| da ds 

lA.U. o 


where the terms have their previous meaning and 

K = 1,5x10^^ cm 

S(e) is the scattering amplitude function (Reference 3-35). 

Because the average particle size is on the order of the wavelength 
of light being scattered or absorbed, Mie theory must be used to express 
CE(X, a) and S(0). 


Mie Theory Approximations 

Three realms of 2Tra/X are defined. The particles are assumed to 
be smooth homogeneous spheres. 

Realm 1: 2Tra/\<l 


CE(X, a) 



2nk 

^ . 2.2 
2) + 4n k 


Here n and k are the real and imaginary parts of the index of refraction 
(Reference 3-35). 

Realm 2: > 1 and a < 

IfX 

4tt Ic 

where , the absorption coefficient. 

This realm contains particles which have a circumference greater 
than the wavelength and an absorption coefficient low enough at that wave- 
length so that not all energy is absorbed (i.e. , they are not opaque at that 
radius). The condition for translucence is due to Kaiser (Refer- 

ence 3-36) in addition, this simplification requires that the reflectivity at 
that wavelength is negligible. In this case the cross section is (References 
3-35 and 3-36). 
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CE = ^ Q'(X) 


This condition is met for silicates, i.e,, at wavelengths where the quartz 
is translucent, the reflectivity is simultaneously low. 

3 

Realm 3: Zira/X > 1 and a>-^ 

- X 

i.e. , the particles are opaque. The cross section in this case is given (for 
spherical particles) by Reference 3-36) 


CE 



‘) 


d(cos 4> ) 


Tra 


where 


rj and r2 are the Fresnel reflection coefficients in the two directions 
of polarization and 90- <j) is the angle of incidence on the particle. 
Roughly speaking, CE in this case is 1-R, the reflectivity. Hence, 
if R is large as it can become in the reststrahlen bands, the emission 
cross section becomes small. 

The approximation for S(6) is made in two steps. First assume the 
particles are opaque^ enough so that only reflected radiation contributes to 
the energy. Then, 



Second, assuming that the reflectivity and absorption are small, a refracted 
component of energy is added which passes through the particles 



4\xW^ 
(4p^ + e^)^ 
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Both approximations assume 2ira/X » 1 which is true for most particles in 
the visible. These approximations must be applied consistently as discussed 

below . 

Results and Discussion 

The visible results are discussed first because they place some 
constraints on the particle size and density distributions. In particular, 
in the expansion of the equations, the integral 

cp 

J a^D (a, r) da 
o 

appears as a scale factor to the radiance. It represents the total scattering 
area summed over all particles. Because the number of particles with 
sizes between a and a + da is proportional to a ^ for the size distribution 
used here, the integral is dominated by the smallest particles. The size 
distribution extends down to a radius of 0. 1 pm. Figure 3-89 shows the 
results for the lower size-density distribution chosen in Figure 3-87. 

The curves for reflected and refracted energy are averages over the 
two planes of polarization. However, only the reflected energy shows signifi- 
cant polarization. Note first that reflection by itself does not produce enough 
energy to equal the visible observations. It might come close if the higher 
density curve were used from Figure 3-87 but that would require that no 
component of refracted energy be present and the absorption coefficient 
necessary to make the smallest particles opaque would be unrealistically 

high. 

Given that refracted energy is present even if it is only from the 
smallest particles, then Figure 3-89 shows that the refracted energy dominates, 
At elongations between 10 and 90 degrees, the refracted component lies two 
to six times below the visible data but cannot produce much energy at large 
elongation angles due to the nature of refraction in a spherical particle. The 
model assumes that only one pass through the particle occurs; so, in fact, 
internal reflections may be important when the high angles of incidence are 
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ELONGATION, DEGREES 

Figure 3-89. Visible zodiacal radiance for assumptions 
q£ only a refracted and only a reflected component. 

(Average particle density model from Figure 3-88.) 

encountered for a single pass through the particle at large elongations. An 

average albedo in this model was about 0.2. 

In addition the reflected component could be larger at large elongations 
if the index of refraction in the visible and, hence, the reflectivity were 
larger than for andesite. 





Two conclusions are drawn about the material and density 
distributions from the visible model. First, the visible continuum opacity 
of andesite does not affect the scattering of the visible light in the model 
because the small particles dominate. Second, the density distribution at 
least for the smaller particles should lie between the two chosen in 
Figure 3-87. 

Figures 3-90, 3-91, and 3-92 are plots of the infrared spectral 
radiance produced in the model presented here. Figure 3-90 shows the 
effects of additional continuum opacity; it is not large. It further shows the 
effects of the choice of particle size and density distributions. Figure 3-91 
shows the effect of elongation on spectral distribution and Figure 3-92 shows 
the spectral radiance as a function of elongation. 



Infrared zodiacal radiance in the plane of ecliptic 
at 90 ° elongation. 


Figure 3-90. 



4 7 8 9 10 II 12 13 M 15 1 6 18 20 2 

WAVELENGTH, 

Figure 3-91. Infrared zodiacal radiance for 
five elongations for curve b in Figure 3-90. 




I 





Figure 3-92. Infrared zodiacal radiance 
as a function of elongation for curves b 
and d in Figure 3-90 at a wavelength of 
15 |im. 

The most obvious feature of the radiance curves in Figure 3-90 is the 
lack of spectral lines. The broad curves are essentially a mixture of blackbody 
curves of different temperatures. A small dip in the spectral curve at 9 pm 
is due to the Si02 reststrahlen band. The energy is coming priinarily from 
particles with sizes in the 10 pm size which have emittances characteristics 
of large opaque particles (i. e. , realm 3, CE » 1 - reflectivity is only 35 per- 
cent for andesite in the 9 pm S i02 reststrahlen band, the dip is not pronounced 
and is more washed out by the upper curves of each pair due to the added con- 
tinuum opacity of 750 cm"^. The difference between the two curves is attri- 
butable to the difference in the two size-density distributions used. A pre- 
ferred curve lies between the two sets. 
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The <xj^ values are essentially equal to one for particles larger than 
25 pm with temperatures around 275°K at 1 AU. Smaller particles have o'/e 
less than one because the visible opacity is much less than the infrared 
opacity and the particles are optically thin to visible radiation. The tem- 
peratures range down to 160°K for the 0.4 pm particles. 

Figure 3-92 shows that the curves represent cooler dust on the 
average at larger elongations. 

Figure 3-90 also shows the SIRTF NEP requirement, as well as 
several other lines of constant NEP. It shows that SIRTF will be background 
limited by zodiacal emission over the 5 to 30p band. In particular the zodiacal 
emission is predicted to be at least a factor of 50 higher than the emission 
from the 10^^ molecules /cm^ column density of water vapor discussed above, 

3.6.4 Radiation Effects on Detectors 

SIRTF will operate in a natural radiation environment consisting of 
trapped electrons and protons. The effects of these particle radiations on 
potential detector candidates to be used in the Multiple Instrument Chamber 
(MIC) of SIRTF were studied. The work task was basically threefold; first, 
the radiation levels incident on the SIRTF and the particle fluxes transmitted 
through the baseline sensor shielding were defined. Second, a survey of 
candidate detector data was performed in order to establish clear environ- 
ment operating conditions. Third, the effects of the transmitted radiation 
on the candidate MIC detectors were evaluated in order to assess their oper- 
ability and survivability. The results are summarized here; Reference 3-37 
gives the complete data. 

The average false alarm rates generated in the detectors were rela- 
tively low outside the Van Allen belts and South Atlantic Anomaly. The peak 
transmitted fluxes experienced in the South Atlantic Anomaly cause the 
highest event rates, but by keeping the detector size small the false alarm 
rate can be kept to a relatively low level to avoid significant excess noise 
increase, and hence, degradation in detector performance (D'!- or NEP). 


Pulse suppression circuits can be used to gate out the single false alarms 
as long as the event rate is not too high and the voltage pulses decay fast 
enough to avoid pulse pile-up. Additional high atomic number material 
shielding (e. g. , tungsten or tantalum) around the detectors in the MIC is 
effective in reducing the bremsstrahlung false alarm rates which are mainly 
caused by photons whose energies are less than 0. 3 MEV. Approximately 
1, 68 gm/cm (1mm) of tantalum is required to reduce the bremsstrahlung 
levels by an order of magnitude. Shielding to reduce the higher energy 
proton event rate takes large amounts of material and is not praccical. 

A dietribution of pulse amplitudes will be generated in the detectors 
since there are a spectrum of incident proton and bremsstrahlung photon 
energies and detector chord lengths vary depending on detector size. The 
average voltage pulse heights are expected to be observable above the base- 
line noise levels for most of the detector -preamplifier Candida ■ valuated. 
The shielding inherent in the SIRTF -MIC structure reduces .. ge frac- 

tion the number of lower energy protons and bremsstrahlung photos incident 
on the detectors. These lower energy particles (E^ < 1-10 MEV, 

Ey < 0.03 MEV) generate smaller pulses which are below the clear environ- 
ment noise threshold for pulse suppression or gating. Additional tantalum 
shielding as discussed above is effective in further reducing the number of 
smaller pulses generated by bremsstrahlung -induced secondary electrons. 

No permanent damage is expected for any of the detector candidates 
up to the estimated maximum dose level of 12. 6 Rad(Si) for a 30 -day period. 

The radiation environments that SIRTF will have to operate and 
survive in are based on the mission duration and orbital parameters given 
in SIRTF specification 2-24483 (Reference 3-25) and SIRTF/Orbiter/ 

Spacelab Tradeoff Report (Reference 3-38). The primary radiation environ- 
ments at nominally circular orbit altitudes of 300 km and higher over a range 
of orbital inclinations (from 28. 5° to 57° from Kennedy Space Center, and 56° 
to 104° from Vandenberg Air Force Base) will consist of electrons and 
protons within the Van Allen belts. 
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Four potential orbits for the SIRTF system were studied with regard 
to radiation background levels. The orbits are all circular with the follow- 


ing altitud«‘ s and inclinations: 

Orbit Altitude (KM) 


Inclination (°) 


1 

2 

3 

4 


300 

28. 5 

300 

70.0 

600 

28. 5 

600 

70. 0 


The radiations of concern are the cosmic ray protons, the trapped 
electrons and protons in the earth’s magnetic field at relativelow altitudes 
(predominantly in the South Atlantic Anomaly), and the bremsstrahlung 
radiation generated by the electrons penetrating the SIRTF structures and 
shields. The latest NASA radiation maps (see Reference 3-39) and computer 
codes (ORBIT, ORP, and MODEL) were used to compute particle fluxes as 
a function of time (alternatively, position) over a 24-hour period for each 
of the four orbits. 

Figure 3-93 shows the predicted event rate outside the Van Allen belt 
and South Atlantic Anomaly. Event rates are below one per second for all 
detector types and all expected detector sizes. While each experimenter 
will be free to make his own decision, for most experiments no pulse sup- 
pression circuits are expected to be necessary. 

Figures 3-94 and 3-95 show the same data for protons in the South 
Atlantic Anomaly. The event rates range above 10 per second at 300 km 
altitudes, and above 100 per second at 600 km altitude. Thus pulse sup- 
pression circuits wil' hv, needed, or data-taking may have to be temporarily 
discontinued. Event rates in the smaller detectors (at shorter wavelengths) 
will still be low. 

Figures 3-96 and 3-97 reflect the fact that electron fluxes are con- 
fined mainly to the horns of the Van Allen belts, so that the 300 km, 28, 5° 
orbit encounters low fluxes; event rates range up to a few per second. 
Figure 3-97 shows conditions for the other orbits which encounter higher 
fluxes (~300/sec) at the long wavelengths. High-atomic number shielding is 


1 MEV) EVENT RATE (EVENTS/SECOND) 


Figure 



3-93. Detector event rate as a fufjction of detector size. 
(Between peak, cosmic ray proton background. ) 




Fp (Ep> 0.1 MEV) EVENT RATE {EVENTS/SECOND) 



Figure 3-94. Comparison of detector event rates (peak) 
as a function of detector size* 
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Fp (^ > 0.1 MEV) EVENT RATE {EVENTS/SECOND) 



Figure 3-95. Comparison of detector event rates (peak) 
as a function of detector size. 
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i- 

|f effective against Bremsstrahlung, and a few millimeters of tantalum will 

I* 

reduce the event rate by two orders of magnitude. 

The conclusions are thus that only the large, long wavelength detec - 
^ tors will experience event rates that ??an interfere with data taking, and 

that the 300 km, 28. 5° inclination orbit is the best in terms of nuclear 
radiation effects. 
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Tradeoffs between two or more design approaches were carried out 
at all levels of the SIRTF Design Study. Tradeoffs which chiefly affect only 
one subsystem are discussed in the appropriate section of this report or in 
the detail reports. The tradeoffs discussed here are those which impact two 
or more major subsystems. 

Section 4. 1 compares double-folded Gregorian and Cassegrainian 
telescopes. Image quality over the field and over the space chopping angles 
is more uniform in the Gregorian (in which the second folding mirror is 
tilted) than in the Cassegrainian (in which the secondary mirror is tilted). 
Off-axis rejection for static backgrounds is somewhat better for the fully 
baffled Cassegrainian than for the Gregorian; however, the advantage of the 
smaller central obscuration in the Cassegrainian is lost due to obscuration 
by the baffle on the secondary mirror. Performance characteristics of a 
longer Cassegrain without the secondary mirror baffle and of a comparably- 
sized Gregorian are also shown for comparison. Off-axis rejection during 
space chopping is shown to be better in the Gregorian, due to suppression of 
diffraction at the edge of the field and hence a more uniform focal plane 
background. 

Section 4. 2 is a discussion of the SIRTF aperture diameter. Reduction 
of the diffraction blur is the reason for wanting t!.ie larger aperture. Shuttle, 
Spacelab, and IPS limitations are examined to determine the constraints. All 
limitations lie in the rar.ge 1. 6 to 1. 8 m, which is compatible with the maxi- 
mum 1.6 m diameter pr imary mirror blanks available in beryllium. 
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Section 4. 3 is a short discussion of various focal plane star tracker 
sensors. The CCD sensor provides all the desired functions in a compact 
device. Operation at SIRTF temperatures, however, remains to be 
demonstrated. 


Section 4. 4 summarizes a study of the relative merits of SIRTF and 

a large ambient telescope. The ambient telescope has a resolution advantage 

of about 2, but far poorer sensitivity due to both steady backgrounds and scan 
modulation. 

Section 4. 5 discusses the relative merits of the IPS and a dedicated 
gimbal-servo system for the SIRTF. While a dedicated gimbal-servo would 
have a number of advantages, the IPS performance will be satisfactory, and 
will afford substantial cost savings. 

Section 4.6 discusses various configurations for the SIRTF cryogenic 

supply. 

4. 1 GREGORIAN VS. CASSEGRAINIAN TELESCOPE 

The choice of basic telescope design has an effect on most of the 
major optical performance parameters. The performance requirements of 
SIRTF (notably good resolution over a moderately large field, maintenance 
of resolution during space chopping, and a high degree of rejection of radia- 
tion from out-of-field sources) dictate a sophisticated design regardless of 
the basic telescope adopted. Hence, a tradeoff study was carried out at the 
beginning of the SIRTF program to analyze the relative merits of the two 

major telescope types appropriate to the mission, namely the Cassegrainian 
and Gregorian. 

The discussion is divided into two main areas: optical performance 

(diffraction and geometrical aberration effects on blur diameter) and out-of- 
field rejection. Reference 4-1 reports in detail on the study. 

4.1.1 Optical Performance 

The first iteration of the study was made with a classical Cassegrainian 
(parabola -hyperbola). Because of the performance limitations of this design 
due to coma, later iterations used a Ritchey -Chretien version of the 
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in Cassegrainian.. For the Gregorian a modified doubled -folded version 

(ellipse-ellipse) was used throughout. The SIRTF optical performance 
- ^ requirements which affect the tradeoff study are listed in Table 4-1. 

ii The parameters of the Cassegrainian telescope whose performance 

was evaluated initially are listed in Table 4-2. The obscuration is set by a 
:t sky baffle which is needed to achieve the out of field of view rejection require- 

ments (see Section 4. 1. 2). The telescope is diffraction-limited at 5, pm over 

y the 15 arc minute diameter field of view. 

If the secondary mirror is tilted to displace the field of view, the 
: r image quality is no longer diffraction-limited. This is illustrated in Fig- 

ure 4-1, which shows how the blur diameter increases as a function of the 
field of view displacement angle. (If the telescope were diffraction-limited 
Ii when the field of view was displaced, the solid lines in Figure 4-1 would be 

horizontal. ) The parameters are the diameters of the circles enclosing 
i t 70 percent, 80 percent, and 90 percent of the energy incident on the focal 

plane. The geometrical blur, which is also shown in Figure 4-1, is nearly 
! i linear with field displacement angle. Because the dominant geometrical 


TABLE 4-1. SIRTF OPTICAL PERFORMANCE REQUIREMENTS 



Aperture diameter (effective) 

1 m 


Focal ratio 

f/3 to f/30 

ip . ' ; : 

Field of view (diameter) 

15 arc min 


Back focal length (minimum) 

60 cm 

r ! 1 

Space chopping displacement 

+ 7. 5 arc min 

ei;» 

Resolution (over field of view at 
all chopping angles) 

diffraction limited 
at 5pm 


Out of field rejection (maintains 


f ‘ 

NEP requirements) 



Earth 

30 deg 

-1 ^ 

Sun 

45 deg 
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TABLE 4-2. CLASSICAL CASSEGRAINIAN TELESCOPE PARAMETERS 




PHYSICAL OPTICS CALCULATION 
(X = 5/iM) 

geometrical CALCULATION 



FOV DISPLACEMENT ANGLE, ARC MIN 
A) CENTERED AT THE PEAK INTENSITY POINT 


FOV DISPLACEMENT ANGLE, ARC MIN 
b) CENTERED ON THE CENTROID OF THE BLUR 


Figure 4-1. Variation of radial energy distribution with field of view 
displacement for different percent encircled energies. (The telescope 
characteristics are given in Table 4-2 and the secondary mirror is 
scanned. ) 





aberration U coma, there are eubstantlai differences in the encircling circle 
diameter when it is centered on the peak intensity point (Figure 4-la) and 
when it is centered on the centroid of the blur energy (Figure 4-lb). In any 
case the requirement for diffraction-limited performance at 5 pm is not met 
The next step in the study was to look at the effect of primary mirror 
£/number on the blur size with the telescope f/number held constant. 

Table 4-3 summarizes the parameters of the three telescopes investigated. 
As with the first Cassegrainian studied (which is number 1 in Table 4-3), 
the central obscuration is imposed by the baffle on the secondary mirror, 
not the secondary mirror itself. 


TA-RLE 4-3 OPTICAL CHARACTERISTICS OF THREE 
TABLE 4 telescopes 


Telescope f/number 
Primary f/number 
Secondary magnification 
Aperture stop 
Entrance pupil diameter 
Linear obscuration 
Effective diameter 
Secondary diameter 
Back focal length 
Field of view 

Secondary mirror tilt, degrees 
required to displace the FOV 
by 7. 5 arc min 


16 — 

2 3 4 

8 5. 33 4 

-secondary mirror- 

1. 24 m — 

0.41 — 

lm-~ 

0.182m 0.237m 0.287m 

0.8m 0.8m 0.8m 

—15 arc min 

0.425 0.326 0.269 



Figure 4-2 shows the variation of 80 percent encircled energy ■ 

diameter as a function of primary mirror f/number over the range of tele- = 

scopes 1, 2 and 3. As can be seen, the telescope is not diffraction limited , 

at the 7. 5 arc minute displacement angle even for an f/4 primary. (The s 

70-pereent energy blur is just diffraction limited at f/4; the 90 percent blur 

is about 1. 5 times the diffraction blur. ) ^ 

Because coma is the dominant geometrical aberration in the 
Cassegrainian telescope, it was decided to examine the performance of a 
modified Ritchey-Chretien telescope. The approach used was to modify the 
conic constant of the primary to minimize coma, and at the same time to 
modify the conic constant of the secondary to maintain third-order spherical 

aberration correction. 






PRIMARY f-NUMBER 



SECONDARY MAGNIFICATION 


Figure 4-2. Variation of 80 -percent blur 
diameters (centered on centroid) as a 
function of primary f-number and 
secondary magnification for the tele- 
scopes summarized in Table 4-3 for the 
point in the center of the displaced FOV. 
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Telescope designs which were studied have the same major' 
parameters (see Table 4-4) as the initial telescope; however, the method of 
evaluation was changed. 

The image points at which the telescopes have been investigated are 
fixed in the image plane (see Figure 4-3). In this figure, points B, C and D 

TABLE 4-4 RITCHEY- CHRETIEN TELESCOPE OPTICAL 

CHARACTERISTICS 


Telescope f-number 

16 

Primary mirror f-numbev 

2 

Secondary magnification 

8 

Telescope back focal length, m 

0. 8 

Entrance pupil diameter, m 

1. 24 

Linear obscuration 

0.41 

2 

Effective collecting area, m‘' 

0. 785 

Total field of view, arc min 

15 





are on the edge of a 15 arc minute diameter FOV centered on A which is on 
the telescope optical axis. The actual field of view viewed by points A, B, 

C and D has been evaluated for field of view displacement angles of up to 
7. 5 arc minutes, the field of view being displaced by tilting the secondary 
mirror. The measure of coma used in this investigation is the total geometri- 
cal extent of the comatic blur from the chief ray intercept witk the image 
plane to the edge of the blur (Figure 4-4). This is different from the radial 
energy distributions taken about the centroid of the physical optics blur which 
was the criterion of image quality used in the earlier discussion as illustrated 

in Figure 4-1. 

Figure 4-5 summarizes the results. Figure 4-5a shows the growth 
of coma in the Cassegrainian telescope analyzed earlier as a function of 
field of view displacement angle. The coma, initially zero, grows linearly 
with field angle and equally at all points in the field. The dashed line, the 
measure of coma perpendicular to the scan direction at point D, remains 
zero independent of field angle. 

Skipping Figure 4 -5b for the moment. Figure 4 -5c shows the situation 
where- the on -axis coma is corrected completely. Point A (and point D in the 
scan direction) shows no coma as a function of field angle. Points E and C 
show equal coma in opposite senses, although for all points the coma is 
independent of field displacement. 

Betweek K = -1 and K = -1. 17, a range of compromise is possible. 
One such is shown in Figure 4-5b, where the zero field displacement 



Figure 4-4. The measure of coma used 
in the evaluation of Figure 4-5. 
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0, AHC MINUTES 


- COMA NORMAL TO SCAN DIRECTION (ONLY APPLIES TO POINT D| 


d) K = -1.25 


c) K = -1.17 


0, ARC MINUTES 


0, ARC MINUTES 


Figure 4-5. Variation in coma as a function 
of displacement angle, G, for different 
values of the primary mirror conic constant, 
K. (90 percent-energy diffraction-limited 
blur at 5 (xm is 27 prad. ) 


REPRODUCIBILITY OF I'HE 
C^(MNAL PAGE IS POOF 







aberration of points B and C is smaller than in Figure 4- 5c, and the rate of 
growth of coma with the field displacement is more gradual than in Figure 4-6a, 
However, the coma at the point (or points) in the field experiencing the largest 
aberrations is always about the same (on the order of 50 fJ.rad). 

An intermediate value of conic constant is undesirable for another 
reason. A typical measurement will consist of a symmetrical chop around 
the optical axis with a minimum aperture mask over the detector. If the 
detector is located at point B, the size of the image will be different on the 
two sides of the optical axis. Hence, either a large mask corresponding to 
maximum coma must be used, or the intensity of the target will appear to be 
modulated. 

Figure 4-5d confirms that beyond K = -1. 17, the coma is increased 
for both zero and finite displacements of the field. Hence, the Ritchey- 
Chretein design offers improvement only over a limited fixed field of view 
(~3 arc min), or a limited displacement angle (~3 arc min) but not for both 
over the full SIRTF requirement range. 

The alternate approach to tilting the secondary mirror to achieve 
space chopping is to tilt a flat mirror lying behind the secondary mirror. 

This is implemented very easily in the Gregorian by tilting the second fold- 
ing mirror. It is also possible in either Gregorian or Cassegrainian con- 
figuration to mount mirrors near the focal plane; however, this is less 
desirable due to the substantial heat load introduced in the MIC. 

It is shown in Reference 4-1 that the aberration introduced by tilting 
a flat mirror is defocusing of the image. Figure 4-6 illustrates the geometry. 
The solid lines and unprimed points are untilted positions; the dashed lines 
and primed points are the tilted positions. For a fixed set of telescope 
parameters, the defocus decreases as the space chopping mirror moves 
further from the focal plane, specifically 

where Ay is the fractional increase in geometrical angular blur, D is the 
entrance diameter, R is the distance from the chopping mirror to the focal 
plane, and G is the field of view displacement angle. 



Figure 4-6. Effects of defocus at the image 
plane due to tilting the scan mirror through 
an angle, a . 


Figure 4-7 shows the through-focus variation in blur radius for 
various encircled energy contours and field angles. For the SIRTF telescope 

Af = R(1 - cos 2a) 



■ = 0. 094 mm 

where f is the focal length, Af, the defocus, and a, the scan mirror tilt angle, 
-y When the total field of view is angularly displaced by an amount equal 

«« to the semi-field of view, the defocus at C (the worst point in the displaced 

FOV) is approximately CD = -3Af. For this FOV displacement angle, the 
defocus therefore extends from -3Af to Af across the displaced field of view. 
Improvement is obtained by defocus ing the telescope by an amount equal to 

I 

1: 

I 
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— — — PHYSICAL OPTICS, \«5^M 
— GEOMETRICAL OPTICS 



DEFOCUS. MM 


Figure 4-7. Through-focus variation in blur radius for 70, 

80 and 90 percent energies, and for field angles, 0, of 
0 ^d 7. 5 arc minutes. (Arrows indicate blur diameter 
variations for SIRTF Gregorian design 7. 5 arc min field 
displacement.) 

Af so that the defocus range extends from -2Af to 2Af, thus minimizing the 
defocus across the displaced FOV. Ihe arrows on Figure 4-7 show the 
defocus and blur diameter in the Gregorian design when the FOV is displaced 
the full 7. S arc min. The blur grows from 19 to 20 microradians diameter. 
This is in contrast to the result of tilting the secondary in the Cassegrainian 
(Figure 4-1) where the displacement for 80 percent energy blur diameter of 
20 arc sec is limited to 1 or 3 arc min depending on whether the calculation 
is around the peak or the centroid. 
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If the tilting mirror ie used in the Cassegrainian, its distance from 

the focal plane will be l/Z to l/3 dxe distance of die ' 

ing mirror from the focal plane. Thus the defocus will be 2 to 3 times 

greater (0.4 to 0.6 mm). However, the performance is substantial y e 

tilting pertains'^to the SIRTF specification 

for diffraction-limited performance at 5pm over the full fleW “ 

full chopping throw. For wavelengdis beyond 10 pm where 

diffraction blur is 54 prad, the difference in performance o the syst 

small Similarly, for the small displacements (<1 arc min an 

(^1 arc min) generally used at short wavelengths, the coma does not 

seriously affect the blur diameter, 

4.1.2 Off- Axis Rejection 

For the off-axis rejection portion of the tradeoff study, the ground 
rules were as follows: 

Aperture; 0 . 785 m^ clear aperture 

Baffle Tube: long enough to prevent illumination of the primary 
at somcrmgles greater than 30 degrees off-axis 
A conical shade prevents illumination of the aperture at source 
angles greater than 45 aegrees off-axis 

A thickness of 12. 7 cm (5 in) is assumed for the telescope wall 
structure and insulation 


1 . 

2 . 

3. 

4. 

5. 


Mirror surfaces are bare beryllium. 

The wall thickness assumption affects the shade dimensions, since the shade 
Ist be retractable and dierefore must slide over the outer diameter of the 

‘''""various Cassegrainian designs were considered, including those with 
primary mirror f-number and total system f-number c^bi^tions of / - 
i/s, f/2 - f/16, f/3 - f/8, f/3 - f/18. and f/3 - f/30. The f/2 - i/lb eysten. 

was chosen for comparison to the Gregorian for the ^ 

can be baffled most successfully of all the systems, its secondary mi 
diameter is small, and Uie telescope length is Uie shortest. The pertinent 
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dimensions are those of system A in Figure 4-8. The area obscuration of 
system A is 20. 5 percent, which is caused by the baffle on the secondary 


mirror. 

Because of the interest in a small central obscuration to reduce the 
energy in the diffraction rings, the effect of removing the shield at the 
secondary mirror was investigated. In order to eliminate scattering of 
radiation from directly illuminated baffles by the secondary mirror, the 
telescope must be lengthened, so that no baffles visible to this mirror are 
directly illuminated. This configuration is shown in Figure 4-8, system B. 

It has the same optical dimensions as System A, but has no secondary shield. 
This increases the collecting area. The other choice, a system with the 
same collecting area as system A and no secondary shield, was not analyzed 
since the reduced aperture diameter results in a 9-percent increase in 
diffraction dimensions. 

The double-folded Gregorian analyzed in system C in Figure 4-9, 
with 20. 2 percent of the collecting area obscured. The fact that the area 
obscurations of A and C are almost identical is coincidental. The major 
scattering path is scattering by the folding mirror from directly illuminated 
baffles. By extending the telescope length (system D in Figure 4-9), this 


A. NOMINAL f/2,f/16 SYSTEM 



B. SAME OPTICS AS A, NO SECONDARY SHIELD 


Figure 4-8. Cassegrainian 
systems (dimensions in 
cm). 
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C. SHORT GREGORIAN 
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Figure 4-9. Double -folded 
Gregoriein systems. 


D. LONG GREGORIAN 


ic 



itrrT 

51 113.L 
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path Is eliminafed, resulting in lower scattered irradiance. The optical and 
dimensional data .(or these four systems are listed in Table 4-5. 

Figure 4-10 shows the off-axis rejection of the four systems as a 
function of angle between the earth horizon and the telescope line of sight for 
a 300 km telescope altitude. The off-axis rejection requirement derived from 

the telescope NEP requirement is shown. 

To understand the reasons behind the curves in Figure 4-10, the 
phenomena contributing to background from out-of-field sources must be con- 
sidered. There are two: (1) scattering of energy off the baffle tube and then 

off a mirror at an angle which is within the field of view bundle, and (2) 
diffraction by the telescope apertures. The diffracted energy is concentrated 
in a ring at the edge of the field of view. Thus, the background photon flux due 
to out of field sources is not the same at the center and at the edge of the field 
of view. This is true for both Cassegrainian and Gregorian. 

The Cassegrainian with the baffle on the secondary mirror more 
effectively rejects scattered radiation at source angles near 30 degrees. 

There is no direct scattering path from the illuminated baffles on the baffle 
tube to the secondary mirror. In contrast, there are scattering paths from 
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TABLE 4-5. DIMENSIONAL DATA FOR SYSTEMS CONSIDERED 



F/2-F/16 

Cassegrainian 

F/7.67 

Gregorian 

System 

A 

B 

C 

D 

Shield length (cm) 

259 

259 

254 

254 

Telescope length (cm) 

264 

382 

254 

387 

Back focal length (cm) 

80 

80 

83 

83 

Shield dfameter (cm) 

392 

392 , 

389 

389 

Telescope diameter (cm) 

178 

178 

178 

178 

Primary mirror dia, (cm) 

123 

123 

113 

113 

Aperture dia, (cm) 

112 

112 

112 

112 

Obscuration dia, (cm) 

51 

17 

51 

51 

Obscuration (% area) 

20.5 

2.3, 

20.2 

20.2 

Collecting area (cm^) 

7,839 

9,667 

8,006 

8,006 

Equivalent focal length (cm) 

1,796 

1,796 

770 

770 


illuminated baffles to the first folding mirror in the Gregorian, which are 
eliminated by lengthening the telescope tube (system D). Thus, Figure 4-10 
shows the Cassegrainian A to be about an order of magnitude better than 
Gregorian C at 30 degrees. As the angle increases, the Gregorian improves 
rapidly because the illuminated baffle area which can be seen by the first 
folding mirror decreases. At large angles the Gregorian is better because 
the first folding mirror subtends a smaller angle at the primary than does 
the Cassegrainain secondary. 

At the edges of the field of view, diffraction adds to the scattered 
background. In the Cassegrainian the added flux due to diffraction amounts 
to about 10 percent of the scattered flux; in the Gregorian the increase is 
about 2 percent. Thus in the static (non- space -chopped) case, the 
Cassegrainian provides better off-axis rejection. 

Photon flux values for the Cassegrainian with no secondary shield and 
the long Gregorian ai’e shown for comparison. The advantage of a small 
central obscuration is offset by a factor of 30 worse off-axis rejection 
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performance and a 1. 2 m longer telescope. If the telescope were not 
lengthened, the off-axis rejection would be substantially worse. 

The long Gregorian, comparable in size to the long Cassegrainian, 
provides the best off-axis rejection of any of the systems at all field positions 
and earth-IjOS angles. 

The reduced diffracted energy causes a reduction in the background 
difference in the Gregorian as compared to the Cassegrainian. Figure 4-11 
illustrates the effects for space chopping perpendicular to the horizon. Both 
long and short Gregorians are better than either Cassegrainian, by a small 
factor for a detector at the center of the field of view, and by an order of 
magnitude for a detector at the edge of the field. The value of the improve- 
ment depends on the particular application; no requirement has been 
established for SIRTF focal plane background difference during space chopping 

For space chopping parallel to the horizon, the variation in flux was 
determined to be less than 10 photons/sec and hence was not calculated 
exactly. 

4. 1. 3 Conclusions 

The conclusions derived from the tradeoff study are: 

• The Gregorian, with space chopping by the second folding 
mirror, exhibits very nearly uniform image quality at all field 
positions cuid throw angles. The Cassegrainian exhibits sub- 
stantial image growth due to coma at field positions and/or 
space chopping throw angles above 3 to 4 arc min. 

• A well-baffled Cassegrainian provides better suppression of 
out-of-field source energy at small angles. The baffling 
required to achieve this suppression produces a central 
obscuration comparable to that of the Gregorian. 

• The Gregorian designs provides a lower background difference 
during space chopping perpendicular to a source than do the 
Cas se grain ians. 

Based on this study, the Gregorian was chosen as the baseline for the 
SIRTF preliminary design. The conclusions only slightly favor the Gregorian, 
especially because subsequent discussions with the SIRTSAG indicate that in 
most cases measurements at short wavelength will be made with small space 
chopping throws. Thus the better image quality during space chopping at 
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Figure 4 - 11 . Variation in photon flux on detector 
(scan modulation). (Flux with scan mirror on axis 
minus flux with scan mirror at full throw. ) 



large angles will rarely be used. To the extent this holds true, the relative 
merits of the two telescopes become very nearly equal. 

Further work is indicated in evaluating the importance of the three 
conclusions listed above in terms of predicted usage of the telescope. 

4.2 aperture DIAMETER 

As a facility-class instrument, SIRTF was initially specified as a 
1.0 meter diameter aperture telescope. Quite early in the study, it was 
decided to use (Tr/4) m^ clear aperture area as a standard. Thus the primary 
mirror diameters varied as a function of central obscuration ratio; for the 
design finally adopted, the clear aperture is 1. 16 m diameter and the primary 
mirror is 1. 23 m diameter. As part of the study, the impact of aperture 
diameter on other system parameters and on Spacelab and Shuttle constraints 
was investigated. 

The major driver toward making the telescope larger is to increase 
the resolution by decreasing the diameter of the diffraction blur. Although 
sky surveys in the infrared have not been made to anywhere near the SIRTF 
sensitivity level, extrapolation from surveys that have been made indicates 
that SIRTF will be confusion-limited in the galactic plane and possibly outside 
it. That is, there will be several stars within a very few resolution elements 
over certain portions of the sky. 

The dependence of diffraction blur characteristics on primary mirror 
diameter is well known. Figure 4-12 illustrates the relationship by a plot of 
the diameter of the first dark ring and first bright ring for primary mirror 
diameters of 1. 0 to 2. 5 meters. The diameter of the first dark ring ranges 
from 2.3 to 0. 94 arc seconds; that of the first bright ring from 4. 6 to 1.9 
arc seconds. 

Changing the primary mirror diameter and scaling the telescope 
(maintaining constant f/no) produces substantial changes in weight. Fig- 
ure 4-13 illustrates the relationship. The masses of Tables 2-5 and 2-6 
were used as a baseline. The ballast masses were subtracted out since it 
is expected that they will be unnecessary. The telescope, telescope support 
structure, aperture cover assembly and cover support structure masses 



Figure 4-12. Diffraction 
blur parameters as a func- 
tion of primary mirror 
diameter, 

were considered variable, 
independent of 

masses 



Figure 4-13. Total SIRTF sys- 
tem weight as a function of pri- 
mary mirror diameter. 


while all other masses were considered 
primary mirror diameter. 

Based on the experience of previous detailed studies, the variable 
were assumed to vary with primary mirror diameter: 

M d P 


where 2 p < 2. 2. Figure 4-13 shows the relationship of the total SIRTF 
system mass to primary mirror diameter. For 7-day missions, the total 
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system messes are below the limits for all diameters considered. For 30-day 
missions, due to the large mass of expendables which must be carried to 
support the Shuttle, crew, and telescope, the down weight limit is exceeded 
for a primary mirror diameter greater than about 1.65 m. (Reference 4-2. ) 
The Spacelab paUets also impose load limitations. Figure 4-14 shows 
the mass of the SIR TF system components mounted on the two-pallet tram 
as a function of primary mirror diameter. The load limit of the two-pallet 
train is 5500 kg, which restricts the primary mirror diameter to about 1.9 m 
for 7-day missions and about 1. 8 m for 30-day missions. (Reference 4-3. ) 

In comparison with Figure 4-13, the pallet represents a limit for the 7-day 
mission; for the 30-day mission, the limit is imposed by the Shuttle down 
weight. It is understood that the Spacelab pallet load limits are preliminary 
and modifications may change the conclusions. No data is available on the 

load limit of a Strengthened two -pallet train. 

A third consideration is the moment of inertia of the telescope mounted 
on the IPS. There is no firm limitation on the moment at the present time. 


Figure 4-14. Pallet train 
load as a function of pri- 
mary mirror diameter. 




PRIMARY MIRROR 

diameter (M) 




Figure 4-15 shows that the nominal SIRTF design has an inertia which exceeds 
that of the IPS nominal large payload by 20 percent and 31 percent for one and 
two cryogen tanks mounted on the telescope (Reference 4-4). (The case with 
the cryogen tank or tanks mounted on the pallet is also illustrated; in this case, 
fhe inertia exceeds that of the IPS nominal large payload by 9 percent.) 

In the absence of more detailed information, it is assumed that the 
major effect of increasing inertia is to reduce the telescope angular accelera- 
tion and velocity during slewing, and to increase the time constant of the 
stabilization loop. The first effect impacts observing efficiency most strongly, 
and cannot be evaluated with the information currently available. The second 
does not appear to be important since the SIRTF internal stabilization system 
will provide the high frequency stabilization of the line of sight. More study 
is clearly needed when the IPS is more fully defined. 

Notice that the IPS itself does not impose a load-carrying limit 
because it is decoupled from the telescope assembly during launch and landing. 

The final consideration is in cost of fabrication of the SIRTF telescope. 
A step increase in cost exists at 1.6 m primary mirror diameter based on 
the availability of beryllium blanks. Current tooling exists for forming 
blanks of about 1.7 m diameter and allowing for edges effects; this results 
in a 1.6 m diameter mirror. The cost of tooling for larger blanks has not 
been formally estimated, but it is expected that the cost of tooling would be 
a substantial fraction of the SIRTF program cost. In addition, the quality of 
the initial blanks is unknown so that extensive testing and possibly revision 
of manufacturing processes would be needed. It is therefore not recommended 
that primary mirrors larger than 1.6 m be considered. 

Within the range of 1. 0 m to 1. 6 m, two cost data points were 
developed during the study, one at the nominal 1.2 m diameter and another 
at 1.6 m diameter. The cost figures are discussed in Section 6.3. 

The conclusion of the trade study is thus that SIRTF should be built 
with the largest possible primary mirror which is (1) smaller than 1.6 m in 
diameter and (2) consistent with Shuttle and Spacelab constraints. On the 
basis of current information, it appears that the Shuttle limit is also 1.6 m 
(down weight of 30-day mission configuration). These limits must be 
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Figure 4-15. Moment of inertia of SIRTF 
telescope as a function of primary mirror 
diameter. 
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re-evaluated when the Spacelab characteristics and capabilities are firmly- 
established. 

4. 3 CCD VS. VIDEO STAR TRACKER 

The SIRTF specification includes requirements for focal plane star 
^ 3 ^jid a visible-light image of the data telescope field of ^ lew. This 
requirement can be fulfilled (within certain limitations) by either a charge- 
coupled device or an image intensifier star tracker. The selection will be 
based on sensitivity, ability to track two or more stars simultaneously, 
ability to track during space- chopping, capability of producing an image of 
the field while tracking, and operability at or near MIC temperatures. Since 
little is known about this last criterion, which impacts the entire question, 
the discussion here is prelimin? -y. Tests currently in preparation at Jet 
Propulsion Laboratory will give at least a first data set on the CCD Star 
Tracker performance at reduced temperature. 

The star tracking requirement established by the SlRTSAG was that 
the star tracker shall be capable of locating and guiding an object throughout 
the celestial sphere with a probability of success of 0.99. Two stars must 
be tracked simultaneously in order to maintain X-Y and roll alignment. Star 
counts indicate that at high galactic latitudes, 0. 99 probability of two stars 
in the field of view requires My = 13. 3 sensitivity for a 30 arc minute diameter 
field. My = 14 was adopted as the SIRTF sensitivity requirement. 

Table 4-6 indicates the major considerations behind selection of the 
CCD focal plane star tracker. All three devices provide tracking of multiple 
stars, and a video signal representing the focal plane star field in the visible. 
The Image Dissector is basically designed to track a single star; tracking of 
multiple stars and/or producing a video signal reduces the error signal data 
rate. 

All three sensors have comparable resolutions and data for tracking 
multiple stars. 

Both tubes require large electrical or magnetic fields for deflection 
and/or focusing. Interference of these fields with low-level signals in the 
focal plane instrument detection and preamps is a cause of concern. In addi- 
tion, the filament of the SIT represents a. substantial heat-input into the MIC. 
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TABLE 4-6. COMPARISON OF STAR TRACKER SENSORS 



SIT 

I.D. 

CCD 

Multiple star tracking 

Yes 

Time 

Shared 

Yes 

Video output 

Yes 

Time 

Shared 

Yes 

Resolution 

1/525 

1/500 

1/400 

Data Rate 

(Single My = 145 stars) 

30 Hz 

15 Hz 

10 sps 

Electric/Magnetic fields 

Yes 

Yes 

No 

Focal plane 

Yes 

Yes 

No 

Heat source in focal plane 

Yes 

No 

No 

Off-axis tracking non-linearity 

Yes 

Yes 

No 

Non -uniformity of response 

Yes 

Yes 

Yes 


The tubes suffer from non-linearity and non-repeatability of position 
in the off-axis tracking mode. In contrast, the CCD with its fixed geometry 
tracks equally accurately at all points in the field of view. Tracking accuracy 
in all three sensors is limited by non-uniformity of response when stabilizing 
to a fraction of a resolution element; current CCDs exhibit worse effects than 
the tubes although improvements are expected in the SIRTF time frame. 

None of the devices have been used extensively at the MIC ambient 
temperature (~10°K). Isolation of the star tracker from the MIC and opera- 
tion at a higher temperature is possible. The CCD is preferred in this 
respect because of its small mass and hence small heat load on the MIC, 

Tests currently (summer 1976) under way at JPL will characterize the per- 
formance of CCDs at low temperatures. 

Methods of calibration and stored detector element performance param 
eters are being developed to combat the non -uniformity of response problems. 
Assuming success of these efforts, the CCDs represent the most favorable 
selection of star tracker. 
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4.4 SIRTF VS. LARGE AMBIENT IR TELESCOPE 

As part of the processes of evaluating SIRTF, a comparison was made 
between SIRTF and a large ambient temperature Shuttle-borne telescope. 

The comparison encompassed performance, problem areas (chiefly thermal 
design), and a cost comparison. Rather than starting from scratch, it was 
agreed that the LIRTS telescope as defined by Engins MATRA would be used 
to represent the ambient telescope (Reference 4-5). 

Although the Matra study was used as a starting point, additional 
work was done; 

• A mechanical layout was made and the telescope mass 
properties were calculated. 

• A rudimentary thermal model was developed to show that a 
small amount of active temperature control could alleviate 
the critical thermal problems. 

These are discussed in the material which follows. 

Table 4-7 presents the major parameters of the LIRTS telescope. 

Two columns of values are shown; the requirements or design goals at the 
start of the study and the final values resulting from the study. Dashed 
lines indicate that values for those parameters are not given in the report. 

The most significant point in Table 4-7 is that the standard pallet 
limits the diameter of LIRTS to 2. 3 m, rather than the 3.0 m design goal. 
Since one of the SIRTF ground rules has been that it will use standard Space- 
lab equipment whenever possible, the same assumption was made for this 
comparison. Designing special pallets relieves some significant constraints 
in both SIRTF and LIRTS; however, the comparison has not been made ujider 
these conditions. 

A second point with regard to Table 4-7 is that an imposed study 
ground rule was that cooling be entirely passive. Hughes' brief study of the 
thermal problem showed the promise of a small amount of active cooling in 
solving the thermal problems; the limitation to passive cooling should be 
removed. 

Figure 4-16 is a conceptual layout of the LIRTS telescope made by 
Hughes. It shows a 2. 3 m aperture, f/l5 Cassegrain telescope with the 


Requirement/ 
Design Goal 


MATRA Study 
Output 


Telescope type 

Cassegrain 

Ritchey- Chretien 

Primary f/no 

— 

2.2 

Obscuration (linear) 

— 

0. 15 

System f/no 

15 

14.7 

Entrance aperture 

3m 

Standard pallet 
limits to 2. 3m 

Resolution 

Diff limited at 3 Op 
(first dark ring: 

5 sec dia) 

— 

FOV 

— 

40 min curved focal 
surface, R = 1.45m 

Spectral range 

30p to lOQOp 

30pto ISOOp 

NEP (W/ y Hz -SfJi) at 30p 

1 X 10-15 

Mid 10-15 

Cooling 

Passive 

Passive 

Space chopping 

Wobbling secondary 
30 min, 30 Hz 

Wobbling secondary 
30 min, 30 Hz 

Pointing accuracy 

5 s^': (3 (t) 

■ — 

Pointing stability 

2 s^ (3a) 

— 
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SIRTF dichroic beam splitter, star tracker, and instrument chamber con- 
figurations. The telescope walls are essentially single thickness (no multi- 
layer insulation). The Multiple Instrument Chamber is mounted on a conical 
thermal isolator with two radiation shields to maintain the detectors and focal 
plane instruments at cryogenic temperatures. The dichroic beamsplitter is 
located in the warm volume; the infrared energy enters the MIC through 
windows located in front of the various instrument positions. 

In evaluating the L.IRTS performance, the primary mirror is the 
critical component. There are three requirements: 

• Low Ave rage Temperature : The photon fluctuations noise level 
is directly related to the temperature of the primary mirror. 

• Low Gradient : Since the beam moves on the primary mirror 
during space chopping, the gradient must be small so that scan 
noise does not limit the sensitivity. 

• Low Tim e Derivative; In order to carry out integration of 
signals from weak sources, the terfiperature of the primary 
must be stable in time. 

The last two items are closely interconnected through a process called tele- 
scope wobbling which is widely used in ground-based telescopes. In wobbling. 


the telescope is pointed at a star and space chopping is done with the left 
beam (i. e. , the telescope alternately looks at the star with its chop mirror 
on-axis and at a nearby piece of clear sky with its chop mirror in the left 
position). The telescope is then moved so that it views the star with its chop 
mirror in the left position and another piece of sky when the chop mirror is 
on axis. By subtracting the average sky signals from the average star signals, 
an accurate measure of the star intensity is obtained, with both sky and 
telescope contributions subtracted out to first order, and partially to third 
order. 

To improve the likelihood that wobbling will produce an acceptable 
S/N ratio, there are essentially two ways to approach the thermal design: 
either minimize the absolute temperature (so that the primary mirror contri- 
butions are lower tlian oilier noise sources) or minimize the gradients. The 
elements of the two approaches can be summarized as follows: 


Approach 

Minimize 

Gradients 

Minimize 

Temperature 

Thermal capacity 

High 

Low 

Coupling 

Low 

High 

Thermal time constant 

"» Mission 

« Mission 


Tied directly into selection of the thermal approach is the selection of the 
primary mirror material. Table 4-8 summarizes the primary mirror 
material tradeoff. 

Beryllium is immediately rejected due to the unavailability of blanks 
larger than about 1.6 m diameter. This limitation is actually a cost limita- 
tion in that tooling does not exist and would have to be manufactured, and 
several blanks would probably have to be made before the necessary uni- 
formity is achieved. Since the cost of the tooling and blanks is estimated 
to be a substantial fraction of the cost of the whole program, this is a real 
limitation. 

Aluminum is rejected due to is poor temporal stability characteristics 
and surface quality problems. This leaves the low -expansion materials with 
their poor thermal conductivity (and hence long-term gradients) and high weight. 
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TABLE 4-8 LIRTS PRIMARY MIRROR TRADE 



Cervit, ULE, 
Zerodur 

Aluminum 

Beryllium 

Blank size 

OK 

OK 

NO 

Experience 

Vast 

Adequate 

Adequate 

Polishability 

Excellent 

Good 

(nickel plated) 

OK 

Thermal expansion 

Low 

High 

High 

Thermal conduction 
Temporal stability 

Low 

Good 

High 

Poor 

High 

Good 

W eight 

Heaviest 
(limits aperture 
on standard pallet) 

Medium 

Lightest 

1— j Indicates chief reason for rejection by Matra, 

— 


The first approach analyzed by MATRA was the low primary mirror 
temperature approach. The initial temperature is assumed to be 300°K; the 
equilibrium temperature in orbit is 230°K. A mirror front surface 
emissivity of 2 to 4 percent was assumed. Two cases were looked at: 


1 . 

2 . 


A mirror with enough mass to be structurally stable. 

A mirror that would reach the equilibrium temperature after 

1 day in orbit (thus allowing 6 days of observation in a 7-dav 
mission). 


The results are summarized in Table 4-9. 

A mirror which will reach equilibrium in 1 day is one 0. 43 cm thick, 
whereas a mirror which is structurally sound is 8. 7 cm thick and will have 


TABLE 4-9. LOW TEMPERATURE MIRROR TRADE 



Fast Cooling 

Stable Mir ror 

Final Temperature 

Period 

Density 

Primary mirror thickness 

230°K 
1 day 

l.Ogm/cm^ 
0. 43 cm 

273°K 

6 days 
20 gm/cm^ 
8.7 cm 
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reached a temperature of only 273°K after 6 days in orbit. Adding radiative 
coupling through a black back plate reduced the temperature after 6 days to 
the range 243°K to 258°K; i.e. , equilibrium was still not reached. Hence 
the low temperature mirror approach was dropped and most of the work m 
the study was directed toward developing a design which was well insulated 
and for which the gradients and time derivatives of temperature were 
minimized. 

A typical result of the insulated design developed by MATRA is shown 
in Figure 4-17 for X = SOp. The thermal model showed a gradient of 1. 7 x 
10“^ K across the primary mirror after 2 days in orbit. (The gradient does 
not change much over the rest of the 7-day mission, although the temperature 
continues to drop.) To obtain an NEP value, read the intersections of the 
arrows and the 1-second integration (solid line), (The integration lines rise 
toward the left because for larger chop throws, the aberrations increase the 
blur; hence, the detector size; hence, the noise. ) This indicates an NEP of 
about 3 X 10"^^ W/ n/hT, and that space chopping throws are limited to about 
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1. 5 arc minute, if the chopping noise is not to exceed the photon fluctuation 
noise. Since the primary mirror AT. is about 6 K/day or 0. 08 K/20 min 
(20 minutes is about the maximum period available for integration in orbit), 
integrations on the order of lOO's of seconds can be carried out, and 
sensitivity in the 1 x lO"^^ W/ /h^ region can be obtained. 

Figure 4-18 provides a comparison of NEPs for LIRTS and SIRTF. 

The assumptions which affect the comparison are listed on the figure. The 
spectral bandwidth is the SIRTF specification value, 10 H-m; quantum efficiency 
of 1 is assumed for the diffraction- limited sized detectors used in both 
telescopes. LIRTS is assumed to be at its lowest temperature during a 
typical mission (270K). SIRTF is at the temperature required to meet the 
specifications at 200 (xm with a 1 arc minute diameter detector (not the 



Figure 4-18. SIRTF and LIRTS 
NEP comparison. 


ik.m 


4-33 



diffraction-limited detector used for the Figure 4-18 comparison) The 
ratios of NEP sensitivities at 20 pm, 100 pm. 200 pm and 1000 pm are shown. 

A better measure of a telescope's ability to detect faint sources is 
Its noise-equivalent flux density per root hertx, measured at the entrance 
aperture. This is shown in Figure 4-19 for the same telescope parameters, 
e larger diameter and smaller obscuration of LIRTS reduces the sensitivity 

advantage of SIRTF by a factor of about 9. It is clear that under these con- 

itions, SIRTF still is signficantly more sensitive at wavelengths less than 
100 pm. SIRTF can achieve a further sensitivity advantage at the longer wave- 
lengths by increasing the cryogen flow and reducing the telescope temperature 
to the 10 K range. Thus, for sensitivity, SIRTF can provide a significant 
advantage at all wavelengths. 

The LIRTS can achieve decreased noise below 30 pm by Improving the 
optics so that it is diffraction limited down to 5 pm, but this improvement is 



Figure 4-19. SIRTF and 
LIRTS NEFD comparison. 
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only a factor of 4 in a region where the SIRTF advantage is on the order of 
10^. Costs are comparable as discussed in Section 6. The advantage of 
LdRTS in having increased spatial resolution represents a trade-off in the 
science area. The two telescopes are complementary in their capabilities; 
one provides the ability to study fainter objects and the other can resolve 
brighter objects at smaller angles. 

4. 5 DEDICATED GIMBAL VS. IPS 

At the time the SIRTF contract was started, only very preliminary 
work had been completed on the IPS, and its status and potential capabilities 
were not clear. In order to insure that a complete SIRTF system was 
feasible, design of a SIRTF-dedicated gimbaJ mount was included in the 
study effort. Appendix D provides a description of this dedicated gimbal 
preliminary design. 

As the IPS design matured, the SIRTF contract emphasis was 
redirected toward use of the IPS with SIRTF, such that it is now the baseline 
as described in Section 2. 

In comparing the merits of the two systems, the following points stand 

out: 

1. The IPS provides pointing accuracy and stability for SIRTF to 
levels where the requirements on the fine stabilization system 
are reasonable. 

2. The inside -out gimbal design approach of the IPS provides 
maximum volume for mounting cryogen tanks on the telescope. 

3. There is a substantial cost savings through use of the IPS (See 
Section 6). 

The design approach for the dedicated gimbal assumed use of rotary 
joints (currently under development by Hughes for NASA-Ames) for trans- 
fer of cryogen from pallet-mounted tanks to the telescope. The yoke -type 
gimbal interferes with but does not rule out the mounting of large cryogen 
tanks on the telescope. As is well known, a yoke gimbal has some struc- 
tural advantages over an inside-out gimbal. These are briefly enumerated 
below. 
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Driven Inertia 


When the telescope is supported about its center of mass rather than 
at its end, the driven inertia is reduced by a factor of 3 to 4. The size and 
power requirements for the gimbal torquers are correspondingly reduced. 

Sensitivity to Linear Vibration 

Center of gravity gimbaling minimizes rotational disturbances of the 
telescope caused by linear vibration of the pallet. 

Structural Problems 

When the telescope is mounted about its center of mass, its 
unsupported length is minimized. The problems relating to structural bend- 
ing are therefore also minimized, and the resonant frequencies of the tele- 
scope are made as high as possible. The reduction in sensitivity to linear 
vibration and in structural problems might make possible the elimination of 
the second folding mirror stabilization function. The telescope would be 
flexure mounted within the coarse gimbals, and fine pointed by movement 
of the entire telescope. 

Disturbances Due to LOS Roll Commands 

A final advantage of the dedicated gimbal design is that the innermost 
gimbal of the three-axis system provides the roll capability. The telescope 
can therefore be rolled 90 degrees about its line-of-sight (LOS) for polari- 
zation measurement purposes without moving the two outer gimbals and 
causing unnecessary LOS disturbances. The IPS gimbal configuration 
requires that ail three gimbals be moved over large angles to produce LOS 
roll. 

In addition, the yoke design permits the gimbal to be tested on the 
earth without an external support system. The use of pulleys, cables, 
springs, or other devices for supporting the telescope in a 1-g environment 
will alter the structural properties of the telescope such that ground testing 
of the IPS-telescope combination will not provide complete assurance that 
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operation in space will be satisfactory. Analysis and simulation will 
therefore be heavily relied upon. It has been assumed that the IPS will be 
tested on Shuttle flights before SIRTF uses it, and therefore no cost or 
mission effects have been estimated. Further discussion will be found in 
Reference 4-7. 

4. 6 CRYOGEN TRANSFER 

An examination has been made of several possible methods for 
supplying super -critical helium (SHe) to the telescope. Four configurations 
were investigated in the study: 

1. Storage of full flight supply on gimbal prior to launch. 

2. Transfer of cryogen to the telescope periodically during flight. 

3. Coils of flexible cryogen line providing continuous flow to the 
telescope during flight. 

4. Rigid piping with on- axis rotary joints providing continuous 
flow to the telescope during flight. 

The four configurations are shown schematically in Figure 4 - 20 , and 
a performance summary is given in Table 4-10. Configuration (2) was 
eliminated from further consideration upon indication that sufficient on- 
gimbal area was available for at least one large storage tank (7 to 14 day 
supply). 

Configuration (1) appears capable of mounting up to three large tanks 
on gimbal while configurations (3) and (4) can utilize four tanks, so that all 
contemplated mission lengths can be met. Each tank can be connected to the 
telescope by a short length of rigid double -wall line. It should be noted that 
all configurations discussed here use double-walled line with super insulation 
in the annulus to reduce line heat leak. 

Coils of flex line are used in configuration (3) to provide rotational 
capability. Three coils of 2.4 foot nominal diameter are required to stay 
within the limitation of a one-foot minimum bend radius and to clear the 
gimbal structure. An additional loop of flex line is needed to accommodate 
gimbal translation for any off-gimbal design. This requires an additional 
four feet. Flexible line has an inherently higher heat leak and pressure loss 






TABLE 4-10. CRYOGEN SUPPLY TRADE RESULTS 


Configuration 

Line Size 

Line 

Length 

Weight 

Heat 

Leak(W) 

A Helium 
Temperature 
Tank-Telescope(K) 

1. Tanks on Telescope 

ID: 0. 3 cm ( 1/ 8 in) 

4. 6m 

0.68 kg 

0.9 

0.5 


OD: 1.3 cm (1/2 in) 

(15 ft) 

(1, 5 lb) 



2. Periodic Transfer 

Not considered — h 

igh risk - 

- can mour 

It large 

tank on gimbal 

3, Continuous, Flex Line 

ID: 0. 3 cm (1/8 in) 

12m 

3. 5 kg 

5. 7 

3.2 


OD: 1. 3 cm ( 1/2 in) 

(39 ft) 

(7.8 lb) 



4. Continuous, Rigid Line 

ID: 0.3 cm ( 1 /8 in) 

4. 9m 

1.4 kg 

2. 3 

1,2 


OD: 1. 3 cm ( 1 /2 in) 

(16 ft) 

(3 lb) 




than rigid line of the same diameter. For the 39 feet of 1/8 inch ID line 
required in configuration (3) the pressure drop is 4 psi. Should this be con- 
sidered excessive, the use of 3/16 inch ID line would reduce the pressure 
drop to less than 1 psi. The larger line would present a penalty in terms 
of heat leak and disturbance torque acting on the gimbals. 

Configuration (4) makes use of three rotary joints for three -axis 
rotation. In order to accommodate gimbal translation, an additional loop 
in the cryogen line is required as indicated in Figure 4-20. 

A summary of cryogen supply requirements for the four configura- 
tions is given in Table 4-10. At the present time, it appears that configura- 
tion (1) is preferred. Configuration (4) is also feasible, but required an 
auxiliary drive system and would be complicated to interface with the IPS. 
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5. SIRTF OPERATIONS 


This section describes the SIRTF integration and launch support, 
flight operations, and post-flight support. The section on launch support 
includes a description of the cryogenic servicing operation, since it is the 
major non-standard support operation. The section on flight operations 
includes discussion of the Payload Operations Control Center (POCC). 

5. 1 INTEGRATION AND ?u.AUNCH SUPPORT 

Integration and launch support covers the period from the conclusion 
of SIRTF calibration in the cryogenic test chamber, through integration into 
Spacelab and the Shuttle, and up to launch. This entire period is shown as 
taking place at Kennedy Space Center; this is necessitated by the fact that 
SIRTF will be clamped to a two-pallet train, which cannot be carried in the 
C5-A aircraft. For flights subsequent to the first, SIRTF may or may not 
be cycled through the calibration facility, depending on the instrument package 
and observing plan. If SIRTF is to be calibrated, the integration starts upon 
return from the calibration chamber; if SIRTF is not to be calibrated, inte- 
gration can commence immediately upon completion of routine maintenance, 
and refurbishment if needed. 

A Task Flow has been prepared (see Figure 5-1) which shows the 
SIRTF delivery to, integration with, and removal from the Shuttle. 

Table 5-i lists acronyms used in the flow chart. 

The launch site integration flow can be broken down into six main 
tasks, labelled 1 through 6 in Figure 5-1. Under the first task, tne SIRTF 
and Spacelab are delivered and pre-mission processing occurs at the launch 
site. Boxes 1. I through 1. 15 in Figure 5-1 show how the SIRTF is integrated 
with Spacelab and moved to the Payload Processing Facility (PPF) for the 
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TABLE 5-1. LIST OF ACRONYMS FOR FIGURE 5-1 


CDMS 

Command and Data Management System 

CMG 

Control Moment Gyro 

lOG 

Inside-out Gimbal 

IPS 

Instrument Pointing System 

LPS 

Launch Processing System 

MIC 

Multiple Instrument Chamber 

MSS 

Mission Specialist Station 

OPF 

Orbiter Processing Facility 

PCR 

Payload Changeout Room 

PPF 

Payload Processing Facility 

PSS 

Payload Specialist Station 

VAB 

Vehicle Assembly Building 




MRTF SPACELAB 
ME MISSION 
PROCESSING 


PRE POWER 
INTERFACE 
VERIFICATION 


INSTALL PALLETS 
INTO ASSEMBLY 
STAND (RAILS) 


INSTALL TELESCOPE 
ON PALLET 


RECEIVE & INSPECT 
TELESCOPE 


MOVE TO PPF 


VERIFY SIRTFK t 
GSEINTERFACIS 
PERFORM A 

- structural gms 

TESTS .LI 

- CONTINUITY CNSfe 

- INSULATION RESK 
CHECKS 

- PRESSURE CMECtS* 

- LEAK CHECKS ^ 

- VACUUM CHECKS 


REMOVE FROM 
TRANSPORTER 
INSTALL ON PALLET 
SECURE TELESCOPE 
INTERCONNECT ALL 
ELECTRICAL HARNESSES 
A FLUID LINES 
CONNECT ALL CSE 
PERFORM VISUAL 
INSPECTION 


REMOVE PALLETS FROM 
TRANSPORTER 
INSTALL ON ALIGNMENT 
STAND (RAILS! 

MECHANICALLY INTERCONNECT 
INSTALL INTER PALLET 
UTILITY BRIDGES 
PERFORM VISUAL 
INSPECTION 


MOVE TO PPF 
INTEGRATION AREA 
CLEAN SHIPPING 
CONTAINER EXTERIOR 
REMOVE PROTECTIVE COVER 
S STORE 

ATTACH HANDLING EQUIP. 


OPEN CS A CARGO DOORS 
ATTACH MOVING S 
HANDLING EOUIPk'ENT 
REMOVE FROM AIRCRAFT 
INSTALL ON TRANSPORTER 
REVIEW TRANSPORT 
ENVIRONMENT RECORDS 
PERFORM VISUAL ir.r*«CTION 
DETACH HANDLING EQUIP 


INOTE 2> 


INSTALL PSS PANELS 
ON TEST STAND 


RECEIVE & INSPECT 
PALLETS 


REMOVE FROM TRANSPORTER 
P MOVE PROTECTIVE COVER 
HOIST INTO Ti:ST STAND 
CONNECT PANELS TO 
STAND HARNESS 
CONNECT ALL CSE 
PERFORM VISUAL INSPECTION 


RECEIVE & INSPECT 
PSS PANELS 


PRE LAUNCH 
& LAUNCH 
OPERATIONS 


POST LANOING 
OPERATIONS 


SWITOi 
SERVlU' 
SAFE S_ 

CONNER 

COt< 

INSTi 

I PUROF^' 

I VFRir'" 

I TOWC- 


LAUNCH ORBITER 
MISSION OPS 
AND LANDING 


PERFORM ORBITER 
INTEGRATED TEST 
(USING LPS) 


PRE LAUNCH & 
LAUNCH OPS 


SIRTF installation 
INTO ORBI'ER 


MONITOR SIRTF 
LAUNCH CRITICAL S/S 
AT LAUNCH CONTROL 
CONSOLES ILPSI 
REPLENISH CRYOGEN IF 
EXCESSIVE LAUNCH DELAY 


VERIFY TEST SET UP 
PERFORM POWER APPLICATION/ 
SUPPORT EQUIP ACTIVATIONS 
VERIFY ORBITER SUPPLIED 
TIMING 

VERIFY POWER INTERFACES 
INCLUDING REDUNDANT PATHS. 
SWITCHING & SINGLE POINT 
GROUND 

VERIFY CDMS SIRTF TO 
ORBITER INTERFACE 
VERIFY CAW FUNCTIONS. 

SIRTF TO MSS 

VERIFY PSS FUNCTIONAL 

INTERFACES 

VERIFY TELESCOPE VACUUM 
INTEGRITY 

VERIFY ALL TELESCOPE TEMPS 
VERIFY LHE SUPPLY. TOP 
OFF IF NECESSARY 
Pv'WER DOWN ALL NON 
LAUNCH CRITICAL VS 
REMOVE ALL GSE 
PERFORM VISUAL INSPECTION 
REVIEW DOCUMENTATION 
FOR LAUNCH CONSTRAINTS 
CLOSE PAYLOAD BAY DOORS 


MATE CANIS /EH TO PCR RAILS 
HOIST CANISTER INTO POSITION 
WITH PCR 

TRANSFER SIRTF PAYLOAD FROM 

CANISTER TO PCR 

CONNECT PCR CSE TO PAYLOAD 

OPEN ORBITER DOORS 

SWING PCR TOWARD ORBITER 

LOAD SIRTF PAYLOAD INTD 

DRBITER CARGO BAY 

VFP'I ' i:ARCO bay MECHANICAL 

14/1 HING 

IM<i all ORBITER/PALLET 
UTILITY BRIDGES 
VERIFY ORBITER/PALLET 
MATING 

INTERCONNECT ALL ORBITER/ 
SIRTF ELECTRICAL HARNESSES 
AND FLUID LINES 
ATTACH CSE ILPSI 
PERFORM VISUAL INSPECTION 


lOUlODT WW® 


1 


L. 


A 











IMTEftCONNCCT 

»ALtfT 


REMOVE FROM 
TRANSPORTER 
INSTALL ON PALLET 
SECURE TELESCOPE 
INTERCONNECT ALL 
ELECTRICAL HARNESSES 
S FLUID LINES 
CONNECT ALL CSE 
PERFORM VISUAL 
INSPECTION 


VERIFY SIRTFS 
GSE INTERFACES 
PERFORM 

> STRUCTURAL GROUNDING 
TESTS 

- CONTINUITY CHECKS 

- INSULATION RESISTANCE 

- PRESSURE CHECKS 

- leak CHECKS 

- VACUUM CHECKS 


INITIALIZE GSE POWER 
INITIALIZE PALLET POWER 
ACTIVATE EQUIPMENT COOLING 
APPLY POWER TO: 

- IGLOO 

- CRVOS/S 

- WATER STORAGE S/S 

- MIC 

- IPS 
> CMC 

- PSS 

CONFIGURE FOR START 
OF FUNCTIONAL 
INTERFACE VERIFICATION 


VERIFY POWER TRANSFER 
TOSIRTF ELEMENTS 
PERFORM CRITICAL FUNCTION 
MONITORING 

VERIFY EQUIP. INTERFACES 

• OPTICAL 

- ELECTRICAL 
CRYOS/S 

- WATER STORAGE S/S 

- IGLOO 

• CMOS 

- PSS 


ATTACH CRVO 

SEAviciNo ote 


INITIATE TELESCOPE 
COOL DOWN 


INITIATE FLIGHT COVER 
COLO PLATE COOL DOWN 


CHECK FOR PROPER 
CRVO TEMFIRATURft 


PERFORM SECONOARV 
CALIBRATION USING 
INTERNAL CALIB SOURCES 


• WARMTELESCOPE 


INSTALL PSS PANELS 
ON TEST STAND 


• SECuni 
REMOV 


REMOVE FROM TRANSPORTER 
REMOVE PROTECTIVE COVEH 
HOIST INTO TEST STAND 
CONNECT PANELS TO 
STAND HARNESS 
CONNECT ALL GSE 
PERFORM VISUAL INSPECTION 




POSTMISSION 

OPERATIONS 


POST LANDING 
OPERATIONS 


SWITCH TO FACILITY 

SERVICES AND 
SAFESIRTF 

CONNECT FACILITY SERVICES 

- POWER 

- COOLING 

• INSTRUMENTATION 
I PURGE PAYLOAD BAY 
I VERIFY PAYLOAD BAY SAFETY 
• TOW ORBITER TO OFF 


RECEIVE AND 
INSPECT SIRTF 


LAUNCH ORBITER 
MISSION OPS 
AND LANDING 


REMOVE SIRTF 


REMOVE PROTECTIVE COVERI 
CLEAN SIRTF ^ 

VENT ALL PRESSURES t 
VENT WATER TANKS f 

PURGE ALL FLUID LINES V 
AND CAP ll 

CAP ALL EXPOSED ELECTRICA 
CONNECTORS f 

INSPECT ALL SIRTF ft 

ELEMENTS FOR PHYSICAii] ft 
DAMAGE ft 


OPEN PAY LOAD BAY DOORS 
INSTALL PAYLOAD BAY 
ACCESS STANDS 

INSTALL HANDLING EQUIPMENT 
DEMATE ORBITER/SIRTF 
INTERFACES 
REMOVE ACCESS STANDS 
REMOVE SIRTF AND INSTALL 
ON TRANSPORTER 
VERIFY SECURED POSITION 
INSTALL PROTECTIVE COVERS 
MOVE TO POST MISSION 
PROCESSING AREA 


REMOVE PSS PANELS 


OEMATE ALL INTERFACE 

CONNECTIONS 

REMOVE PANELS 

INSTALL PROTECTIVE COVERS 

MOVE TO POSTMISSION 

PROCESSING AREA VIA 

TRUCK 


RhiPRODUCIBILITY OF THE 
ORIQCNAL PAGE IS POOR 


R)LAX)UT FRAAiiL ' 




















ORBITER/PAVLOAD 
INTEGRATION 
a> CHECKOUT 


1.12 

SIRTF/SIMULATEO 
ORBITER MISSION 
TEST 


ORBITER C/0 
&TOW TQ 
LAUNCH PAD 


INSTALL INTO 
ORBITER 


MOVE 


REMOVE FROM TRUCK 
REMOVE HANDLING EOUIP 
REMOVE PROTECTIVE COVERS 
INSTALL PSS PANELS INTO 
ORBITER PSS FRAME 
CONNECT PANELS TO 
HARNESS 

PERFORM VISUAL INSPECTION 
CONNECT SIRTF SIMULATOR 
FOR ORBITER/PSSC/O 


INSTALL PROTECTIVE COVERS 
ATTACH HANDLING EQUIP 
LOAD SIRTF PAVLOAO INTO 
CANISTER 

MOVE CANISTER TO VAB 
ERECT CANISTER TO VERTICAL 
POSITION 

MOVE CANISTER TO PAD 


> VERIFY TEST SETUP 

• APPLY POWER TO ALL SIRTF S/S 

• LOAD ANO VERIFY FLIGHT 
SOFTWARE 

■ COOL DOWN SENSOR B 

FLIGHT COVER COLO PLATE 

• PERFORM SIRTF TO ORBITER 
FUNCTIONAL TESTS 

• PERFORM INTEGRATED 
FUNCTIONAL TESTS ' 

• PERFORM PSS FUNCTIONAL CHECKS 

• PERFORM ABBREVIATED 
MISSION SIMULATION 

• POWER OO'.YN 

• SECURE COVER TO COVER 
REMOVAL MECH ON PALLET 

• SECURE ALL OTHER ELEMENTS 


VERIFY POWER TRANSFER 
TO SIRTF ELEMENTS 
PERFORM CRITICAL FUNCTION 

monitoring 

VERIFY EOUIP. INTERFACES: 

- OPTICAL 

- ELECTRICAL 

- CRYOS/S 

- WATER STORAGE S/S 

- IGLOO 

- CMOS 


ATTACH CRVO 
SERVICINO OSI 
initiate telescope 
COOLDOWN 

INITIATE FLIGHT COVER 
COLOPLATE COOL DOWN 
CHECK FOR PROPER 
CRTO TIHFEHATURES 
PERFORM SECONDARY 
CALISRATION USING 
INTERNAL CALIS SOURCES 

WARM TELESCOPE 


MOVE PSS 
PANELS TO OPF 


REMOVE PSS PANELS 
FROM TEST STAND 
ATTACH HANDLING EQUIP 
INSTALL PROTECTIVE COVERS 
TRANSPORT VIA TRUCK 
TO OPF 


REFURBISHMENT 

(NOTE 101 


POSTMISSION 

OPERATIONS 


(NOTE 91 


POST MISSION 
FUNCTIONAL 
CHECK 


DEMATE SIRTF 


RECEIVE AND 
INSPECT SIRTF 


SIRTF 


DEMATE IGLOO 
DEMATE ALL PALLETS 
MOVE INTO 

REFURBISHMENT CYCLE 


INSTALL PSS PANELS 
AS IN 17 
CONNECT GSE 
VERIFY SIRTF/GSE 
INTERF/LCE 

initialize GSE POWER 
INITIALIZE PALLET POWER 
APPLY POWER TO 

- IGLOO 

- MIC 

- IPS 

- CMC 

PERFORM FUNCTIONAL TEST 
TO EVALUATE S/S STATUS 
DOCUMENT ALL DISCREPANCIES 


REMOVE PROTECTIVE COVERS 
CLEAN SIRTF 
VENT ALL PRESSURES 
VENT WATER TANKS 
PURGE ALL FLUID LINES 

and cap 

CAP ALL EXPOSED ELECTRICAL 
CONNECTORS 
INSPECT ALL SIRTF 
ELEMENTS FOR PHYSICAL 
O/UMACE 


LOAD BAY DOORS 
•AYUOAD BAY 
TANO'o 

handling EQUIPMENT 
3RBITER/SIRTF 

:es 

ACCESS STANDS 
SIRTF AND INSTALL 
BPORTER 
ECURED POSITION 
protective COVERS 
tPOST MISSION 
INC AREA 


PSS PANELS 


Al L INTERFACE 

rK)N-> 

PANELS 

protective covers 

I POST MISSION 
INC area VIA 


5-1. SIRTF launch site 
integration flow. 


llJCIBILITY OF THE 
kh PAGE IS POOR 



(NOTE 71 



1.10 


1.11 



FUNCTIONAL 

INTERFACE 

VERIFICATION 


TELESCOPE/MIC 
GROSS CALIBRATION 



5-3 









gross calibration of the telescope and MIC and the SIRTF/ simulated Orbiter 
mission test. After the completion of these tests, the SIRTF-Spacelab is 
moved to the launch pad via the Vehicle Assembly Building (VAB). This is the 
start of the second major task, wherein the SIRTF-Spacelab is installed and 
integrated with the Shuttle Orbiter (see Boxes 2. 1 and 2.2). Tasks 3 and 4 
involve the pre -launch, launch, and post-landing operations. Removal of the 
SIRTF-Spacelab from the Shuttle Orbiter constitutes the fifth major task of 
the integration flow and is shown in Boxes 4. I through 4. 3. After the 
SIRTF-Spacelab and any SIRTF-peculiar Payload Specialists Station (PSS) 
panels are removed from the Shuttle Orbiter, tasks 5 and 6 take place. The 
final two major tasks (Post -Mission Operations and Refurbishment) are shown 
in order to complete the SIRTF launch site integration flow. Post-flight 

support will be discussed in Section 5.4. 

Although there are some inconsistencies in details, in general opera- 
tions 1. 1 through 1. 5 correspond to Level III integration; 1.6 through 1. 11 
correspond to Level II integration; and 1. 12 through 2. 2 correspond to 
Level 1 integration. Level IV integration is not shown on the integration 

flow. 

The integration plan is currently built around launch pad irxtegration 
of SIRTF into the Orbiter. The only reason for this is the fact that power is 
not available between the OPF and the launch pad, and continuous monitoring 
of the cryogen tank is necessary for safety reasons because of the very 
remote chance of a thermal leak developing and causing an explosion. If 
this monitoring can be provided, SIRTF-Orbiter integration will be moved 

to the OPF . 

There are several references to vacuum checks in the course of 
integration. The telescope will be maintained in an evacuated condition 
throughout Integration by means of a small vacuum pump. Monitoring of 
the vacuum will essentially be continuous; the vacuum checks in Figure 5-1 

are critical points for vacuum integrity. 


iSLAN& mT FILMED 

5-5 .. .. 


e following items are keyed to the Notes called out in Figure 5-lr 

The pallet dimensions of approximately 4.6m by 3.0m (15 ft by 
10 ft) require its installation into the C5-A delivery aircraft 
turned sideways from its normal Orbiter position. The C5-A 
entrance is limited to under 3.3m (13 ft.). As a result the tele- 
scope, which exceeds the pallet envelope, cannot be installed on 
the pallet during shipment and will require its own shipping 
pallet. Utility bridges are installed at KSC. The other SIRTF 
elements may be installed and shipped with the pallet since they 
fit within the pallet envelope. The Igloo arrives connected to its 
pallet with equipment installed. This functional flow assumes 
that the aircraft shipping transporters are not designed to be 
used for intra-plant moves. Therefore, the arriving SIRTF 
elements are installed on a launch site transporter. 

Assume that pallets will contain: 

• Cryogen supply system (if not on telescope) 

• Water storage system 

• Interconnecting pipes and electrical cables 

• IPS 

• Igloo 

• Inter -pallet utility bridges 

• Vacuum system 

The PSS main frame is the common Orbiter frame. Therefore, 
the PSS arrives as individual replaceable panels. 

IPS/ Tele sc ope alignment will be carried out at this time. It is 
assumed that all GSE have been previously checked out. 

It is assumed that the PSS panels are installed in a GSE test 
Stand which simulates the Orbiter harness PSS interface. This 
is required in order to perform a functional checkout of SIRTF. 

It is assumed that all GSE has been previously checked out. 

The SIRTF elements have been previously checked out during 
telescope integration at the Contractor facilities. 

The cool-down sequence and calibration is assumed as follows: 
Prior to the start of SIRTF test, the cryo tanks are filled. The 
telescope cover has optical ports for calibration check. 

All SIRTF testing is performed on an evacuated and cooled tele- 
scope. Electrical and data line integration takes place at this 
time (Subtask 1. 12). A similar integrated functional test is 
again performed during Task 2. 2, when the SIRTF -Space lab is 
integrated with the actual Shuttle Orbiter. The cryogenic GSE, 
after the simulated Orbiter mission test, is moved to the PCR 
(see Task 2. 1). 


During the electrical and data line tests, after integration with 
Spacelab the following end items are checked out: 

• i On-board computer 

• I Mission software 

• ! Stat catalog data 

! i ! 

• i Star tracker sensors 

• ; payload specialist station (PSS) panels 

• ; Mission specialist station (MSS) panels 

• Remote access unit (RAU) 

• Caution and warning (C&S) system 

• Uplink and downlink communication with the POCC. 

The checkout procedures for demonstrating acceptable performance 
of the above end items are as follows: 

A. Computer Operations Checkout 

1. Verify computer turn-on sequence from PSS panels. 

2. Perform computer auto-check (sum and parity). 

3. Perform noise check. 

4. Dump previously loaded mission software and star catalog 
data. 

5. Load and verify next mission software and star catalog. 

6. Perform timing signal accuracy check, if internally timed, 

or verify Orbiter simulated clock. 

B. Star Tracker Checkout 

1. Simulate star tracker sensor operation with star simulator. 

2. Verify star tracker operation on PSS panels. 

C. Remote Access Unit (RAU) Checkout 

1. Simulate the RAU inputs from the various data sources. 

2. Verify response on PSS panels and caution and warning 
(C&W) signals on mission specialist station (MSS) simulated 
panels. 
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D. 


Communication Checkout 


1, Inject an uplink command using a simulated Orbiter 
communication interface unit (CIU) and verify on PSS and 
MSS panels, and at POCC. 

2. Receive a downlink signal at the CJ,U and verify SIRTF 
static status (both housekeeping And scientific data). 

(SIRTF does not have its own transmitter receiver, but 
uses the Orbiter' s telemetry system.) 

E. Experiment Checkout 

1. Verify temperatures 

2. Inject test signals 

3. Monitor outputs 

E. SIRTF Stabilization Subsystem Checkout 

1. Inject chopping commands 

2. Monitor response 

Discussion of post-flight operations is presented in Section 5.4. 

5. 2 CRYOGENIC SERVICING 
5. 2. 1 General Approach 

As stated in the introduction, cryogenic servicing of the SIRTF 
storage tank and telescope will be described in more detail than the other 
elements of the integration procedure, because the requirements are less 
widely known than other integration procedures. The general approach will 
be to use the procedures developed for servicing the supercritical helium 
tank for the Lunar Module descent stage engine pressurization. 

The cryogen subsystem requirements lead to two major decisions 
with respect to launch support operations. First, because the Orbiter will 
be powered down during transport from the Orbiter Processing Facility 
(OPF) to the launch pad, pressure and temperature monitoring of the cryo- 
genic tanks cannot be maintained continuously. The monitoring is advisable 
because the helium tanks represent a serious although remote safety problem 


if a heat leak develops, the helium may be subjected to thermal runaway and, 
under certain conditions, the tank can explode. Thus it is planned that 
SIRTF will be integrated into the Orbiter in the Payload Changeout Room 
(PCR) after the Orbiter has been erected on the launch pad. 

The second major decision is that the SIRTF telescope and cryogen 
tank will be loaded in the Payload Processing Facility (PPF) prior to transfer 
to the PCR. This is because some 70 to 80 hours of service time are 
required to service the cryogenic tanks, and a similar period of time (in 
parallel) is required to cool down the telscope. The time frame presently 
allocated at the pad for servicing is 6 hours (Reference 5-1). Thus myo- 
genic servicing must precede installation of SIRTF into the payload bay. 

It is thus necessary that the payload cannister, used with the PCR for instal- 
lation of payloads, provide facilities for monitoring status during transfer 

from the PPF to the PCR. 

After installation of SIRTF into the Orbiter, a launch delay of approxi- 
mately 12 hours or more will require reservicing of the cryo tank for the 
7 -day mission, and a launch delay of approximately 48 hours or more will 
require reservicing of the cryotanks for the 30-day mission. This is because 
supplying cryogen to telescope and vapor shield during launch hold will 
reduce the amount of cryogen available for the mission. If the delay occurs 
prior to disconnect of the T-4 umbilical, cryogen is transferred through the 
lines. If the hold occurs after T-4 disconnect, the lines must be recon- 
nected. The payload bay doors need not be opened in either case. The 
quoted time elements of 12 or 48 hours, respectively, for the 7 -day or 
30-day mission, represent a realistic 6 to 7 percent margin for the cryo- 
genic supply system. 

5 . 2.2 Cryogenic Servicing Timeline 

The basic servicing steps are given in Table 5-2. The major steps 
are discussed below. The procedure was developed and used repeatedly by 
Grumman in servicing the Lunar Module supercritiGal helium tank; no sub- 
stantial deviations from the Lunar Module procedures are recommended. 
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TABLE 5-2. SIRTF CRYOGENIC HELIUM SERVICING TIME LINE 


Step 

Function 

Hours Required 

(a) 

GSE leak check, pump-down of GSE vacuum 
including lines, liquid helium dewar fill, 
leak test GSE, purging and sampling of GSE 

40 (30-day) 
30 (7 -day) 

(b) 

Connect GSE to T-4 umbilical; purge with 
gaseous helium; sample 

4 

(c) 

SIRTF cryogenic tanks initial fill for cold 
soaking 

4 

(d) 

Cold soak 

24 

(e) 

Refill LHe dewar; fill LN^ cart (parallel with 
operation (d)) 

(8) 

(i) 

Final liquid of SIRTF tanks 

4 

(g) 

Top-off to desired density 


(h) 

Disconnect GSE, cap flight coupling halves 

2 

(i) 

Final helium leak check of flight items 

2 


Total Services Servicing Time: 

70 - 80 


Inerting (a) and (b) 

Preceding the cryogenic operations, the whole ground and flight sys- 
tem is inerted by ambient temperature helium. 


Final Fill with Liquid Helium 

At the end of the cold soak cycle, another liquid fill is initiated. The 
steps are siinilar to those described previously with one exception: Before 
opening the fill line to the tank, the supply line between the dewar and the 
fluid distribution systems is prechilled by venting helium through the bypass 
valve of the fluid distribution system. Temperature monitoring within the 
GSE indicates when the line prechill is complete. Subsequently, the tank 
vent valve is opened, the by-pass valve closed, and the tank fill valve opened. 
Thus, refill operation of the tank is achieved without unnecessarily introduc- 
ing warm helium into the flight tank. Completion of the tank refill operation 
is again signalled by the indication of liquid present in the vent line. 
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Purging is maintained until gas samples indicate sufficiently low (generally 
less than 50 ppm) contamination levels. 

Cold Soaking 

To assure stabilized temperature conditions in the flight tank by the 
time the GSE is disconnected, prechilling of the flight tank always precedes 
the final fill operation. This consists of filling of the flight tank to overflow 
condition, and subsequently maintaining at least some cold fluid in the tank 
for a minimum of 22 hours duration. 

The initial liquid loading operation for cold soaking is carried out as 
follows: All valves providing a continuous flow passage for helium between 
the storage and transfe;' dewar are commanded to the open position. Slight 
over-pressure (0.4 to 0. 5 atmosphere) is applied on the dewar which initiates 
the mass transfer into the flight tank. Substantial pressure oscillation is 
noticeable during the first 10 to 15 minutes of transfer, caused by sudden 
volumetric expansion of liquid helium when it contacts warm metal parts. 

The transfer is completed when the liquid indicators in the fluid distribution 
subassembly signal liquid helium present in the vent line. 

This operation takes approximately 1 hour. Subsequently, both the 
fill and vent line valves of the fluid distribution system are closed and the 
tank is allowed to cold soak for a minimum of 22 hours. During this time, 
helium temperature within the tank is maintained between 5°K and 9°K 
through partial venting of the tank when the higher temperature is reached. 

Topping-Off to Higher -Than- Liquid Densities 

During the final liquid fill operation, just described, preparations are 
made to ready the conditioning unit subassembly for the final step of the 
loading operation: Topping -off, that is, to drive the liquid helium within the 
flight tank into the supercritical regime, with associated attainment of the 
desired higher -than-liquid helium density. Once the final liquid fill is com- 
pleted, the following steps accomplish the topping -off operation in less than 




2 minutes to 0, 13 gram per cubic centimeter (8.2 pounds per cubic foot) and 
less than 4 minutes to 0. 14 grams per cubic centimeter (8. 8 pounds per 

cubic foot) ; : 

• Flow from the liquid helium dewar is stopped. 

• The vent valve is closed in the fluid distribution subassembly. 

• Hifih-pressure helium gas flow is initiated through the condition- 
ing unit subassembly until the desired tank pressure is reached. 
Approximately 5 atmospheres pressure in the flight tank yields 
the 0. 13 gram per cubic centimeter (8.2 pounds per cubic foot) 
density condition. 

• The flight tank is disconnected at the fill and vent couplings. 

Access to the cryogenic tanks v/ithin the payload bay (after installa- 
tion in the Orbiter) will be provided by securing the fill and vent flight 
coupling halves of each cryogenic tank into the prelaunch payload service 
panel. This will require flexible connections between flight tank(s) and the 
service panel. Reservicing in launch position would consist essentially of 
reconnecting the GSE to the T-4 umbilical and at Meps (e), (f), and (g) of 
the Table 5-2 time line. Contaminant sampling may be averted through 
maintenance of positive helium pressure on the already-verified GSE system 
while it is being moved to the Shuttle /Orbiter service structure. 

Servicing in launch position (orbiter X-axis vertical) necessitates 
that the parts be located to allow fill and vent in either orientation. This 
will result in a slight reduction in fill factor component to single orientation 
tanks, but this is not serious due to the ample capacity. 

Automation of the GSE does not seem to be justified beyond that 
employed on the Apollo-LM system. Actually, except for line connections, 
the servicing steps are made through remote control valve operations. 
Engineering supervision will likely be present throughout the loading opera- 
tions, as was the case on the EM. There is, however, no reason why the 
whole loading operation could not be made fully automatic, using a sequencer 
reacting to the stimuli generated by the liquid level indicators and/or pres- 
sure and temperature signals of the GSE. 

In summary, close reliance on the Apollo-LM servicing technique 
and system is recommended, using the LM conditioning unit subassemblies 


ml 
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with commercially available dewars and new fluid distribution system(s) as 
described in Section 2.4.2, 

5.3 FLIGHT OPERATIONS 

SIRTF flight operations concepts have been developed around the basic 
four-man Orbiter crew as defined in Vol, XIV (Reference 4-2), Commander^ 
Pilot, Mission Specialists, and Payload Specialist. The crew will be supported 
by persoxinel located at the Payload Operations Control Center, and at remote 
sites in direct communication with the POCC. Direction of SIRTF observa- 
tion will be from a principal investigator representing the mission scientists 
at a remote site (Ames Research Center). The duties of all personnel follow 
the general guidelines as given in Vol. XIV. Flight crew duties are dis- 
cussed in Section 5. 3. 1, and POCC operations in 5. 3. 2. Section 5. 3. 3 
presents an initial formulation of a malfunction operational plan. 

Because of the complexity of SIRTF, MIC instrument and subsystem 
controls, it is planned that missions will be preplanned, and will follow the 
observing program. Hence much of the flight crew operations will be a 
matter of monitoring and adjusting a largely automatic series of operations. 
Qualified flight crews are essential, however, to detect malfunctions or 
faulty data taking, and to take over operations when the preplanned observing 
program cannot be followed, working with the mission scientists on the 
ground. The crew will have the ability to override and rearrange the planned 
sequence and/or substitute preprogrammed sequence (i. e. , search rasters). 

5. 3. 1 Flight Crew Duties 

As stated above, the SIRTF crew for both 7-day and 30 -day missions 
will be the basic four -man Orbiter crew: Commander, Pilot, Mission 
Specialist, and Payload Specialist. Because it reflects their relative involve- 
ment in SIRTF operation, it will be most convenient to discuss their duties 
in reverse order. 


5-13 


Payload Specialist | 

The payload specialist is responsible for attainment of the SIRTF 
flight objectives. He will be proficient in both SIRTF operations and the 
operations of the focal plane instruments mounted for the flight. This means 
a detailed knowledge of the telescope, cryogen system, instrument pointing j. 

system (IPS), focal plane instruments, individual instrument data processors, 
the overall MIC data processor, and the software packages for on-board 
data processing. He will understand the observational goals of the various 
instruments and the effects of contamination of various types and levels on 
the observations. He will be capable of assisting the ground-based mission 
scientists in planning meaningful observation programs if the prepared 
observing program cannot be used. SIRTF is generally compatible with other 
astronomy payloads, so it is envisioned that the Payload Specialist will be 
an astronomer with the necessary additional specific training, or possibly 
an infrared measurements specialist with a strong astronomy background, 
if the other payloads are also infrared astronomy payloads. 

Mission Specialist 

The mission specialist will be proficient in SIRTF operations, and 
will have detailed knowledge of SIRTF and SIRTF support subsystems opera- 
tions and requirements, including the cryogenic supply, IPS, water storage 
system, Spacelab Command and Data Management System (CDMS), Orbiter 
Avionics system. He will be responsible for coordination of overall Orbiter I 

operations in the areas of flight planning and consumables usage as they 
affect SIRTF operations. He may, if requested, assist in the management 
of SIRTF operations and/or act in specific cases as the Payload Specialist. ‘ 

In view of his training requirements and mission responsibilities, 
it is expected that the Mission Specialist will be a career astronaut. 

P ilot and Commander ^ 

Besides their Orbiter flight duties, which are not discussed here, it 
is expected that the Pilot and Commander will have a high, level of proficiency 
and knowledge of SIRTF support systems and operations. These will include 
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electrical power (EPS), thermal control, water, storage, command and 
data management, avionics and payload communications. They will be 
responsible for on-orbit management and operation of these support systems. 
They may support or perform specific payload operations if requested. 

Figure 5-2 is a flow chart representing typical PS and MS duties for 
three major time phases; before, during, and after the flight. Their respon- 
sibilities include the setting up of a series of initial conditions for Orbiter 
attitude throughout the mission. Several months of pre -flight training will 
be followed by a pre-flight briefing period and mission specific familiariza- 
tion at the launch site. After a week to a month in orbit, flight debriefing 
will be followed by routine post-flight activities. Since the pre- and post- 
flight activities are treated elsewhere, they have been only briefly sketched 
for orientation of the overall mission. The activities between lift-off and 
touch-down are treated in more detail. 

The PS and MS launch and descent duties for SIRTF are minimal; the 
major responsibilities in orbit will begin with the initialization of SIRTF, 
followed by observing sequences and maintenance and concluding with 
de -orbit preparations. The workload will be long but not extremely strenuous, 
probably 13 hours per 24-hour period. When automatic controls are func- 
tioning smoothly, SIRTF may be left to run automatically while the crew is 
asleep. 

Because it is planned that SIRTF operates according to a pre- 
prograxtimed observing sequence, the routine monitoring of observations can 
be done by either the payload specialist or the mission specialist. When 
anomalies are noted or problems occur, it may then be necessary to call on 
one or the other (most likely the payload specialist) for his expert knowledge. 
Manual intervention in the observing program by the PS or MS is possible 
at any time. 
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Analysis of PS and MS duties provides a convenient way to assess 

SIRTF efficiency. For the various operational phases, the following esti- 
mates apply: 


Block No. 
( 2 . 1 ) 


(2.2) 

(2.3) 

(2.4) 

(2.5) 
( 3 ) 


^itiahze SIRTF . Order of 1-hour actual operations, 
but contamination restrictions may delay this for 
24 hours. 

Pre-observations. Order of 5 minutes per target. 
Observations. Order of 20 minutes per target. 

® continuous 

contact is possible, but may not be economical or 
necessary. 

Maintenance,. Order of 10 minutes for 12-hour of 
operation. 

De-orbit preparation. Order of 2 -hours. 


Based upon the above assumptions, approximately 60 percent of the 

total flight time may be used for observation on a 7-day mission, and 70 per 
cent on a 30 -day mission. 

5. 3. 2 POCC Operations 

Figure 5-3, representing the duties of the ground-based scientists 
at the Payload Operations Control Center (POCC). is presented in a format 
similar to that of Figure 5-2. The numbering system is consistent, in that 
the same block numbers represent like time periods on each figure. 

The ground-based scientists may be intimately familiar with a single 
instrument or familiar with all instruments. Generally, there will be 
experimenter teams for various science objectives and there may be teams 
for specific instruments. A single principal investigator for each mission 
will speak for all science teams, although team members may serve as 
contact during use of some instruments. The scientists will be familiar 
with the science center consoles and with the SIRTF-related Orbiter consoles 
Their primary involvement at the instrument/data level will necessitate a 
thorough involvement with SIRTF for considerable periods prior to missions. 
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Figure 5-2. Payload and mission 
specialist SIRTF duties. 
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Figure 5-3. Ground-based scientist SIRTF duties. 

While TDRSS will allow essentially continuous (80 percent) communi- 
cation with SIRTF, the need for continuous communication is not expected to 
arise often. Normal operation is expected to consist of short periods of 
contact (Block 2.4 of Figure 5-3) interleaved with long periods of data 
gathering by SIRTF and data analysis by the ground-based scientists 
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(Blocks 2.2 and 2.3 of Figure 5-3). For efficient ground station operation, 
it is expected that the scientists will be able to select the (juantities essential 
for prinaary evaluation from the compressed downlink data train; the neces- 
sary decoding and sorting capability at the POCC to supply the scientists 
with appropriate quick-look data is assumed to exist. 

Figure 5-4 illustrates the planned flow of commands and data. TDRSS 
is the prime mode for data transfer, command, and voice. The TDRSS data 
passes through the White Sands station to the POCC at Johnson Space Center, 
and finally to Ames Research Center. Tapes of data as recorded at White 
Sands are sent to Ames. At JSC, the data tapes are stripped, annotated and 
pertinent Orbiter data (e. g. , state vector) are added. Reduction of the data 
to scientifically useful form is done at the Science Operations Center at 
Ames. 
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Figure 5-4. SIRTF on-orbit operations. 
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All POCC will also have facilities for generating quick-look data 
from selected portions of the total data. This will be transferred to Ames. 
Science decisions are relayed from Ames through JSC and to the Payload 

Specialist via White Sands and TDRSS. 

NASA’s STADAN stations will act in packup mode for all the TDRSS 
functions discussed above. Relay records will be sent to Ames from the 
STADAN stations; however, the primary data mode will be through the 
POCC. The STADAN stations will be the primary mode for tape dumps 
when data is accumulated due to TDRSS outages. Alternatively, after short 
outages, the tapes can be dumped through TDRSS. 

5.3.3 Mission Philosophy for Partial Malfunctions 

In order to develop a back-up mission philosophy for partial malfunc- 
tions, several significant mission rules must be considered and agreed upon. 
As the SIRTF Program evolves, these mission rules may be altered and 
new ones introduced. During the SIRTF Program, mission philosophy will 
be continually evaluated at conferences attended by representatives from the 
NASA Centers, the SIRTF contractors, and the participating astronomers. 

For this task, the following significant mission rules are being 
proposed and will be used as the criteria for developing back-up mission 
philosophy in the presence of a partial malfunction. 

• Under all conditions, if Shuttle Orbiter or crew safety is 
involved, the SIRTF mission will be aborted and the Orbiter 
will return to earth. 

• If useful scientific data can be obtained, the SIRTF mission 'Vill 
continue with an alternate operation. 

• If the partial malfunction cannot be corrected, but useful 
scientific data can be obtained, then the SIRTF mission will 
continue. 

• If only one instrument in the MIC is operating satisfactorily, 
the SIRTF mission will continue. 

• If the SIRTF cannot be stowed in the normal manner, the EVA 
hand crank stowing will be used. If this fails, the wires will be 
guillotined and the payload detached from the Orbiter so that it 
can be drift into space; the IPS performs this separation. 
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• If the partial malfunction cannot be determin-'* on-board or by 
ground control, and Orbiter safety is not inv ;yved, the mission 
will continue as long as useful data is being obtained (on-board 
crew and ground personnel will continue to attempt to isolate the 
cause of the partial malfunction). 

In order to show how the mission rules are utilized in developing a 
back-up philosophy in the presence of a partial malfunction, the SIRTF Mal- 
function Decision Tree (Figure 5-5) was created. This decision tree is 
general enough to handle most partial malfunctions that can be considered 
at this time. 

Referring to Figure 5-5, the flow of alternate questions and decisions 
starts with the question of the presence of a SIRTF malfunction. Block 1, If 
the malfunction can be determined on-board (Block 2), the next question 
(Block 3) is whether Orbiter safety is involved. For the case where safety 
of the Orbiter is involved, the return trip to earth is only held up if the 
SIRTF is deployed. Blocks 16 through 19 consider the case where the SIRTF 
cannot be stowed. If the malfunction cannot be determined on-board, ground 
control will be asked to determine the partial malfunction. If neither the 
ground nor the on-board crew is able to determine the malfunction, the flow 
goes back to Block 3 to ascertain whether Orbiter safety is involved. If 
Orbiter safety is not involved, isolation of the malfunction will be attempted 
(Block 5). If the malfunction cannot be corrected (Block 7) but useful 
scientific data is obtained, then the mission will continue. Where the mal- 
function can be corrected (Block 7) in the Orbiter' s cargo-bay, the Mission 
Specialist (MS) will first use the Remote Manipulator System (RMS) to per- 
form the correction. Where manual assistance beyond the capability of the 
RMS is required, the MS will perform an extra- vehicular activity (EVA) to 
correct the partial malfunction on the payload. 

As an example, assume a partial malfunction in the form of severely 
limited travel of the SIRTF telescope about the vertical position. Also 
assume it is not possible to stow SIRTF. Since in this case immediate 
Orbiter safety would not be involved and very likely some useful scientific 
data could be obtained, the mission would therefore continue under the mis- 
sion rules that have been proposed. It is obvious that each partial malfunc - 
tion must be examined carefully to determine where it fits on the malfunction 
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decision tree. Another area that must be investigated thoroughly for further 
definition is the concept of what constitutes useful scientific data. Each 
instrument /experiment will establish a minimum success criterion before 
launch, as will the whole payload. 

5.4 POST-FLIGHT OPERATIONS 

Post-flight operations are shown in boxes 4, 5 and 6 of Figure 5-1. 
These include post-landing operations, post-mission operations, and 
refurbishment if necessary. 

With respect to Block 4-1, there are no requirements, under normal 
coniditions, for rapid connection to facility services for SIRTF or its 
specialized support systems. No immediate servicing of the helium storage 
tanks will be necessary. Although it is understood that with an adiabatic 
payload such as SIRTF the payload bay temperature may reach 8Z°C (180°F) 
and remain in that vicinity for some time, this will have no effect on the 
SIRTF inner structure since the insulation provides a thermal time constant 
much longer than the 3 hours between Orbiter landing and the start of the 
purge gas flow. Electronics which are extreme to the SIRTF thermal struc- 
ture will have to be signed to withstand the 180°F environment. 

The following notes apply to Boxes 5. 2 and 6.0: 

• These tests are performed on a warm telescope to provide a 
functional indication of SIRTF elements requiring refurbishment 
or replacement. It is assumed that any physically damaged 
elements are not critical to this functional test. For immediate 
re-cycle after the functional check of Box 5.2, the SIRTF ele- 
ments could go directly to pre-power interface verification 
(Box 1.8). 

• All SIRTF demated elements are returned for refurbishment. It 
is probable, considering a two -flight-per -year program, that most 
of the SIRTF elements will not be removed from the pallet. 

It is also expected that all SIRTF Elements will either; 

~ Be refurbished in the launch site facility and enter the loop 
at Function 1.4, or 

— Go back to contractor for major repair and then re-enter 
at Function 1.1. 
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The question of How to deal with the multi-launch requirements and 
re-qualification has not been resolved. One approach is to design for multi- 
launch life, build in self-test devices, and fly these subsystems until the self- 
test indicates sub-standard operation. A second approach is to perform 
limited tests after each flight to determine the operational status of each 
subsystem. The third is to develop qualified long-life components and sub- 
systems which could then be flown on a large number of missions with a high 
expectation of success. It is expected that one of the first two approaches, 
or a combination of them, will be satisfactory, and least costly. 


REFERENCE FOR SECTION 5 


5-1. Shuttle Ground Operations Plan, K-SM-09) Kennedy Space Center 
31 May 1974. 
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6. SIRTF DEVELOPMENT PLAN 


As part of the SIRTF contract effort, Hughes prepared a development 
plan and an estimate of the cost of developing SIRTF. As a supplement to 
the development plan, a technology development program was formulated, to 
be carried out in the period between the conclusion of the preliminary design 
study and the start of the hardware contract. 

An additional task, which was added as part of the large ambient IR 
telescope tradeoff (see Section 4. 6), was to prepare a technology program, 
development program, and cost estimate for the ambient telescope. This 
material is also presented in this section. Estimates for LIRTS have been 
prepared by the European study group: however, it was believed to be valuable 
to have a direct comparison of SIRTF and a LIRTS-type telescope based on 
the same assumptions. Where design approaches advocated by Hughes and 
the European differed, the Hughes approaches were used. 

6. 1 BASIS OF PLANS AND ESTIMATES 

The SIRTF and ambient telescope schedules and estimates were based 
on a start date for the hardware implementation phase of T January 1979 and 
an end date (first flight) of September 1982. The hardware program will be 
preceded by a group of technology programs and design studies starting in 
Fiscal Year 1977 and continuing through Fiscal year 1978. 

For the purposes of the cost estimate, the program elements for 
SIRTF and the ambient telescope are as follows: 

• Program Management and Controls 

• Design 

• Fabrication 
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• Assembly 

• Unit Test 

• Telescope Integration 

• System Test 

• Chamber Test with SubMIC installed 

• MIC Integration 

• Chamber Test with MIC installed 

• Teiescope-Spacelab-Integration and Checkout 

• Telescope-Spacelab-Shuttle Integration and Checkout 

• Standby from Final Checkout to Launch 

In addition, the following were estimated on a per-flight minimum 
effort basis: 

• Flight Support 

• Refurbishment 

The flight support and refurbishment do not include either astronomer support 
or scientific data reduction. 

Although the MIC is not part of SIRTF, Hughes estimated the cost of 
the MIC and MIC instruments in order to give a complete program cost pic- 
ture. Effort in this area includes: 

• Design 

• Fabrication 

• Instrument Test 

• Integration of Instruments with MIC 

• Chamber test of MIC with instruments installed 

During the refurbishment cycle, instruments may be reworked or 
replaced. This involvi^s: 

• Integration of (new or reworked) instruments with MIC 

• Chamber test of MIC with instruments installed 


6.1.1 Subsystems and Compone nts 


Table 6-1 lists the major subsystems and components which were 
included in the cost estimates. The following items are specifically excluded 
from the SIRTF pricing: 

• Storage tanks for waste water and associated collection, 
expulsion, and control equipment. 

• Supplementary control systems such as Control Moment Gyros, 
Reaction Wheels, etc. , and associated control equipment. 

• All Spacelab and Shuttle -provided equipment, 

6.1.2 Documentation 

The documentation will be minimum level appropriate to one-of-a- 
kind fabrication for a reusable system. The cost estimate is based on: 

• Hughes Grade B Drawings for flight equipment 

• Hughes Grade C Drawings for ground equipment 

• Informal (typewritten and Xeroxed) reports 

Drawings will be prepared using English (not metric) units. Hughes 
Grade B Drawings conform to MIL-D-1000 Form 2 requirements in all 
respects except legibility (microfilm reproduction through six generations). 
Hughes Grade C Drawings deviate from MIL-D-1000 Form 2 in the following 
areas: 

• Drawing nxrmbers 

• Part niimber identification marking 

• ' Order of precedence for standards and specifications 

• Standard and specification callouts 

• Vendor items (specification and source control drawings) 

• Inspection and test requirements 

• Summary parts list 

• Legibility 

Subcontractor developed items will be doc^vmented in drawings using subcon- 
tractor format generally in conformance with MIL-D-1000 Form 2 for flight 
equipment. A lower grade subcontractor format will be used for ground 
equipment. 


TABLE 6-1. SIRTF SUBSYSTEMS, ASSEMBLIES AND 
MAJOR COMPONENTS 


TELESCOPE 

Optics 

Primary Mirror 
Secondary Mirror 
First Folding Mirror 
Second Folding Mirror 
Beamsplitter/ Compenration Plate 
Star Tracker Optics St^t 
Corner Cube/ Filters 
Baffles 

Mechanical/ The rmal 

Telescope 
Vacmrm Shell 
Thermal Isolators 
Primary Mirror Mount 
Secondary Mirror Mount 
SUBMIC Structure 
SUBMIC Instrument Selector 
SUBMIC Detectors 
SIRTF Calibration Sources 
Heat Exchangers 

Cryogen Distribution and Control System 

Vacuum System 

Sunshade 

Sunshade Drive and Control 
Flight Cover 

Chopping and Internal Stabilization 

Chop/ Stabilization Mirror Drive 
(Second Folding Mirror) 

Focus Mirror Drive 
(First Folding Mirror) 

Laser Source 

Top/Bottom Field Selector 
CCD Star Tracker 

Video Inertial Pointing Mini- Computer 

IPS-SIRTF INTEGRATION KIT 

Gyro- stabilized Platform 
Telescope Mounting Hardware 
Computer Interface Unit 


(Continued next page) 
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(Table 6-1, concluded) 


DEDICATED GIMBAL/SERVO (Alternate to IPS) 

Base 

Coarse Gimbal Set 

Coarse Gimbal Torquers 
Coarse Gimbal Bearings 
Coarse Gimbal Shaft Encoders 
Coarse Loop Servo 
Fine Gimbal Set 

Fine Gimbal Actuator 
Flexure Suspension 
Fine Loop Servo 
Gyro Set 

Wide FOV Star Tracker 

Cover Support/Retraction Mechanism 

Clamp and Lock Mechanism 

CRYOGEN STORAGE SYSTEM 

Cryogen Tank(s) (up to three) 

Temperature/Pressure Monitor and Controls 
Tank Support/Restraints 
Cryogen line to Shuttle Umbilical with 
Disconnect at Tank 

DATA AND COMMAND SYSTEM 

MIC Interface Unit 
SIRTF Interface Unit 

INSTRUMENTS AND MIC 

MIC Structure 

MIC Selector Mirror 

Star Tracker Optics Set 

CCD Star Tracker 

VIP Mini-Computer 

Scientist's Instruments (up to six) 

GROUND SUPPORT EQUIPMENT 

Cryogen Serviding Equipment 
Cryogen Transfer Lines 
(Servicing Equipment to Shuttle Umbilical) 

Shuttle Umbilical Interface 
Preflight Test Console 

Flight Control Console (at KSC and ARC) 

Ground Transportation and Handling Equipment 
Control Console Simulator (at Ames Research Center) 
Test Cover 
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In addition to the standard reports and documentation (which was not 
explicitly defined), the contractor will complete a Shuttle Safety Compliance 
Document estimated at 200 pages, and will compile an Experimenter's 
Handbook to guide astronomers in the design of focal plane instruments and 
in the aspects of SIRTF operations that affect science. 

6. 1. 3 Qualification 

For purposes of qualification, SIRTF Subsystems are divided into two 
groups: those in which a failure may impair the safety- of -flight of the 
Shuttle (safety -of- flight items), and those in which safety- of-flight is not 
impaired. As SIRTF is presently envisoned, the following subsystems fall 
in the safety -of -flight category; the method of insuring safety of these items 
is listed to the right: 

(1) Cryogen storage tanks, lines and 
control system (pressure) 

(2) Telescope/tank structural integrity in 
acoustic environment 

(3) Attachment/ locking device integrity 

(4) Venting hot in excess of Orbiter 
vent capability 

(5) Jettison capability (IPS) 

(6) Caution and Warning System 

(7) Telescope motion limit to avoid contact 
with orbiter (may be gas function) 

Non-standard safety-of-flight items are to be subjected to testing 
or analysis as indicated above. Definition of the test or analysis program 
is the responsibility of the subsystem development organization. 

All subsystems which do not affect safety-of-flight will be qualified 
for structural integrity by environmental testing to the levels defined by 
Volume XIV (Reference 6-1 ). Testing will be performed on the flight article 
(a qualification model will not be built). 


Test 

Analysis 

Test 

Analysis 

Test 

Functional Test 
Test or Analysis 


6.1.4 Quality , 


The philosophy behind the estimate for quality assurance is 
summarized in the following points; 

1. Quality control will be under Hughes supervision. NASA's 
monitoring of the quality program will be exercised through 
review of Hughes quality control documentation; there will be 
no in process inspection by NASA in-plant representatives. 

2. Subcontractor quality control will be monitored by Hughes; 
direct participation by delegated Hughes personnel is not 
planned. Hughes can monitor, witness, and have full access 
to the subcontractor quality operations and documentation to 
assure compliance with the quality assurance plan. This 
includes all quality activities, such as meetings, manufacturing 
inspection, test operations, parts, materials, process controls, 
and Material Review Board actions. 

3. High reliability parts will be used to the fullest extent possible. 
Locations of non-high- reliability parts will be controlled and 
catalogued for future replacement. 

4. Qualification testing is not a quality control function; see 
Qualification paragraph. 

6.1.5 Reliability 

Reliability analysis will be limited to mission success estimates for 
the first few flights. Goals for SIRTF are: 

1. First flight: specific goals are to demonstrate operability, 

confirm science data flow. 

2. Second flight: 80 percent probability of 100 percent success, 

90 percent probability of 50 percent scientific success. 

3. Third and subsequent flights: TBD 

6. 2 SIRTF DEVELOPMENT SCHEDULE AND COST 

Figures 6-1 and 6-2 present the SIRTF hardware development plan 
and cost breakdown. The schedule and costs are shown for program start at 
the beginning of Calendar Year 1979; however, the schedule may be moved fo 
ward or back as required. Because of the uncertainty in the start date of the 
hardware program, the cost estimates have been expressed in Fiscal Year 
1976 dollars. The costs in real dollars will be substantially higher: apply- 

ing the SAMSO 1975 inflation model to the program cost shown in Figure 6-2 
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Figure 6-1. SIRTP hardware development program schedule. 


CALENDAR YEAR 



1979 

1980 

1981 

1982 

TOTAL 

OPTICS 

339 

1,367 



1,706 

mechanical 

2,216 

2,891 

1,042 


6,149 

GIMBAL/SERVO 

1,485 

2,908 

1,105 

36 

5,534 

IPS INTEGRATION KIT 

1,052 

1,210 

160 


2,422 

DATA SYSTEMS 

400 

1,026 

905 

189 

2,520 

TELESCOPE INTEGRATION AND TEST/GSE 

124 

702 

478 

221 

1,525 

CRYOGENIC TANKS 

1,196 

1,015 

1,090 


3,301 

SHUTTLE INTEGRATION AND LAUNCH SUPPORT 

630 

1 ,578 

1,534 

511 

4,303 

QUALITY (SHUTTLE-AMES GUIDELINES) 

188 

462 

363 

91 

1,104 

SYSTEM ENGINEERING 

1,009 

1,009 

863 

507 

3,388 

PROGRAM MANAGEMENT 

647 

64' 

647 

646 

2,587 

TOTAL IPS MOUNTED 

7,851 

11,907 

7,082 

2,165 

29,005 

TOTAL dedicated GIMBAl/SERVO 

8,284 

13,605 

8,027 

2,201 

32,112 


Figure 6-2. SIRTF hardware development program cost 
estimate (thousands of Fiscal Year 1976 dollars). 
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increases it to about $38 million. The figures assume that the technology 
programs of Section 6. 5 are completed before initiation of the hardware 
program but the costs shown in Figure 6-2 do not include the costs of the 
technology programs. 

These cost figures also do not include scientific instrument develop- 
ment, fabrication and test, scientific data reduction, and telescope perfor- 
mance testing in major facilities such as AEDC. NASA/ARC has arrived at 
an estimate of $8.6 million in Fiscal Year 1976 dollars for these items to 
be added to the costs given in Figure 6-2. 

A consideration that arose during the study was whether it would be 
better to requalify the ELMS cryogen tanks or to procure tanks of a new 
design. If NASA/ARC decides that new tanks are preferred, a cost delta of 
$1. 7 million would accrue over the tank cost estimated by Hughes /Grumman. 
NASA/ARC obtained this estimate partly by discussion with a tank manu- 
facturer, and the figure is based on tanks that are smaller in volume and 
larger in number than were considered in the study. The advantages of a 
new tank design are (1) larger design margins can be used, thus avoiding 
the difficulty experienced with the ELMS tanks; and (2) by making the tanks 
smaller, the clearance constraints are reduced and a larger telescope could 
be considered if it is deemed desirable. A more complicated control system 
is required for the greater number of tanks and this expense has been 
included in the estimate. 

Cost estimates for both an IPS-fnounted and a dedicated gimbal/servo 
version of SIRTF are shown in Figure 6-2. The IPS-mounted total is the 
sum of all the rows above except the gimbal/servo, whereas the dedicated 
gimbal/servo total is the sum of all rows above except the IPS integration 
kit. The IPS integration kit includes the internal stabilization subsystem 
(gyro platform, laser, stabilization mirror mount, and associated equip- 
ment), as well as the mechanical mounting interface and alignment equipment. 
The dedicated gimbal/servo includes all stabilization equipment required, A 
cost of $1. 7 millions was estimated for a refurbishment cycle, not including 
the cost of new instruments. 

Since the cost estimates for 1979 assume a January start, the cost 
estimates can be interpreted equally well on a fiscal year basis if the pro- 
gram starts on 1 October 1978 rather than January 1979. 
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6.3 GOST DRIVERS 

The major cost drivers that were identified in the SIRTF 
preliminary design study are reflected in the proposed technology develop- 
ment tasks (Section 6. 5), These are chiefly associated with the scientific 
instruments (including the multiple instrument chamber). Experience has 
shown that a good understanding of the physical and operational require- 
ments of the science is essential to a strong project baseline. The more 
complete the science definition, the better the cost limitation can be met 
without having to accept performance reduction. 

Cooling of the instruments to temperature below the telescope 
reservoir temperature is another area that could adversely affect cost if it 
were not defined until during the design phase. 

It does not appear that contaminants in the Shuttle environment will 
appreciably affect the cost of building SIRTF. However, if the environment 
is not carefully measured as a function of Shuttle operation mode, SIRTF 
operations could be limited by insufficient planning data and the operational 
cost could therefore be quite high for early missions. In other words, the 
scientific return for an investment in a Shuttle flight would be much smaller 
than optimum. 

The recommended work on beryllium mirrors probably does not 
represent a potential impact on SIRTF cost unless some unexpected effect 
is found. In this case, if it were to be discovered late in the fabrication 
program, the cost would be very much higher than if the development work 
is done before SIRTF starts. If the IRAS (Infrared Astronomy Satellite) 
project, which is planned for development through Fiscal Year 1979, uses 
"beryllium mirrors, this may eliminate concern for SIRTF. 

The chopping mirror mechanism at cryogenic temperature has a 
status similar to that of the beryllium mirror development. If the develop- 
ment work is done before project starts, potential cost effects can be 
avoided. 

The stabilization subsystem is another area of technology extension 
that has been identified for SIRTF. The work already under way and planned 
for the interim period (section 6, 6) should result in an excellent background 
for project implementation. 


Finally, other areas that will have major effects on cost are the 
Shuttle /Spacelab developments themselves. As the capabilities of the STS 
and the mission support equipment are better defined, it is essential that 
the effects on SIRTF performance and cost be assessed. It is our under- 
standing that Ames plans to pursue this effort vigorously. 

6.4 COST REDUCTION OPTIONS 

Most of the cost tradeoffs have been described in the appropriate 
technical sections of this report, and the cost-reducing features that were 
acceptable to the SIRTSAG have been included. However, some discussion 
of options is worthwhile. 

The cost presented in Section 6. 2 includes a 30-day mission capability. 
Although a detailed estimate has not been made, it appears that at least two 
million dollars could be saved if the basic design is restricted to a 7-day mis- 
sion. Somewhat less would be saved if a 14-day mission capability were included 
at the start. Adding the longer duration capability later in the program 
would result in higher total cost because of both redesign and inflation. 
Alternatively, about a million dollars might be deferred if the basic design 
included a 30 -day duration but only the cryogen tanks and service equipment 
for a 7-day mission were included at the start. 

The question of telescope aperture size versus cost has been raised 
outside the SIRTSAG. We find that the design, fabrication or test cost 

strongly affected by telescope aperture size, assuming an IPS mount that is 
independent of telescope size, is that of the optics. It can be seen in Fig- 
ure 6-2 that the optics represent only about 6 percent of the total cost, so 
reducing the size cannot be expected to make dramatic savings. The SIRTSAG 
expressed interest in what maximum size telescope could be provided, and 
so the trade described in Section 4. 2. 1 was performed. The cost delta for 
increasing the aperture diameter to 1.6m (the maximum possible without 
serious development cost for beryllium mirror blanks) has been estimated to be 
$3 million. The larger telescope will be close to the weight, size, clearance, 
and center -o£-gravity limits placed by the STS, and therefore the more precise 
interface definition and design coordination will cost an additional $3 million. 
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Another option would be to delay software implementation of fully- 
automatic control operation, on-orbit (section 2. 3. 2, 2} and to depend heavily 
on the crew for insertion of new target coordinates, acquisition of guide stars, 
and control of data taking. This might have a deleterious effect on operational 
efficiency, thus increasing operational costs per data point. However, some 
periods of this sort of operation should be expected during early missions so 
the full effect would not be apparent until the second year of operation and the 
automatic software might be phased into the program by that time. 

Several cost-saving options may be possible on the science side, 
but these will have to be considered by the scientists themselves. 

The only SIRTF performance requirement that might reasonably be 
relaxed to save cost are those associated with the space chopper throw 
versiis frequency and the requirement for pointing using m^ = 14 magnitude 
stars. Relaixation in these areas will not be a major cost saving based on 
present knowledge. 

6. 5 SIRTF TECHNOLOGY DEVELOPMENT 

The technology background for SIRTF has largely been developed 
under previoxi.s military programs. Hence the technology development falls 
in two categories. The first category is that of cost/risk items, where 
technology development prior to SIRTF hardware program start will reduce 
cost and/or risk by defining precisely the procedures for designing, fabricat- 
ing, and/or testing a key item. The second category is that of enhancing 
technology whereby performance or capabilities of SIRTF may be improved, 
or its efficiency increased. 

The technology programs are presented here as separate entitles, 
preceding the SIRTF hardware contract (Figure 6-1). Because the tech- 
nology is all of the engineering development type, some or all of the items 
could be included in an extended design phase during the hardware program. 
Instead of preliminary design review six months after hardware program 
start, and critical design review 6 months later, critical design review could 
be moved to 2 years after program start and the various technology programs 
carried out in parallel during the extra year between preliminary and critical 
design reviews. 
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Table 6-2 lists the various elements of the SIRTF technology- 
development program organized by major areas. Program elements are 
described and the responsible organization identified. Program status and 
plans are summarized briefly. 

This table shows that a substantial fraction of the SIRTF technology 
programs are underway under NASA/ARC sponsorship. The detector devel- 
opment being sponsored under the study by NASA -Goddard, and JPL-'s 
development of a CCD Star Tracker are contributing technology develop- 
ments in two important areas. Major technology programs which remain 
for Fiscal Year 1977 and 1978 funding are the MIC and MIC instrument pre- 
liminary design, the stabilization system simulation, cryogenic mirror space 
chopping breadboard, and testing of a large beryllium mirror at cryogenic 
temperatures. Completion of these programs will provide a solid techno- 
logical base for the SIRTF hardware development. 

6.6 LARGE AMBIENT TELESCOPE DEVELOPMENT 

The ambient telescope technology plan was limited to identifying 
similarities and differences from the SIRTF program. Similarly, schedule 
differences were identified. The cost estimate was, however, generated 
independently. 

The technology development tasks for an ambient telescope are very 
similar in the areas of the Multiple Instrument Chamber and its instruments, 
and the stabilization subsystem. The one difference in the stabilization sub- 
system is that the chopping and stabilization mirror need not operate at 
cryogenic temperatures. The major technology program not common to 
SIRTF is the primary mirror iso thermalization design. This program will 
require conceptual designs, probably involving active cooling, analysis, the 
building of a test unit, and thermal testing. This program would be carried 
out during Fiscal Years 1977 and 1978, so that a proven design approach is 
available for the hardware program. 

The cost estimate for the ambient telescope is shown in Figure 6-3. 
Costs were estimated only for an IPS-mounted telescope, since a dedicated 
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TABLE 6-2. SIRTF TECHNOLOGY DEVELOPMENT PROGRAM 


Task 

Description 

Category/ 

Priority 

Organization 

Status 

Plans 

Cryogenics 






Joule Thomson 
(J-T) Expander 

Develop Joule- Thoms on 
expander to produce 
1. 2°I< liquid helium 
from supercritical 
helium supply 

1/2 

Garrett- AiRes ear ch 

First of three units 
built, delivered to 
JPE 

Improved units, rede- 
signed as indicated by 
test results to be 
fabricated and tested 
in FY 77 


Initial tests of J-T 
Expander 

1/2 

JPL 

First miit tested; 
1. 8°K cold end 
temperature 
achieved 

Complete verification 
of performance pre- 
diction; test compati- 
bility with various 
IR detectors 


Test J-T Expander 

1/2 

NASA- Ames 

Test apparatus being 
assembled 

Selection and optimi- 
zation of J-T control 
techniques; assess- 
ment of system com- 
patibility. Tests 
completed 12/76 

Rotary Joint 

Design and build a low 
heat leak, low torque 
rotary joint for 
6-10°K supercritical 
helium supply line 

1/4 

Hughes 

Started 5/76 

Deliver unit 12/76 


Test rotary Joint 

1/4 

NASA- Ames 

Test apparatus being 
des igned 

Tests completed 3/77 

Cryogenic Cross- 
Contamination 

Develop means for 
testing material out- 
gassing rates, optical 
contamination rates 
and cross - 

contamination between 
focal-plane instruments 

1/ 1 

NASA- Ames 

Test apparatus ready 

Testing and definition 
of material perform- 
ance FY 77-78. Test 
scientists' instruments 
in FY 78 

^He Cryostat 

Develop and demon- 
strate a ^He cryostat 
capable of providing 
several milliwatts of 
cooling at 0. 3 K in 
space 

II '’2 

NASA- Ames 

Plan submitted to 
NASA headquarters 

Select phase separa- 
tion device for zero-g 
and demonstrate in 
inverted position in 
FY 77. Complete 6/79 


(Continued next page) 
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(Table 6-2, continued) 


Task 

Description 

Category/ 

Priority 

Cryogenics 

(continued) 

Superfluid He 
Cryostat 

Develop He II dewar 
for zero-g cooling of 
detectors 

1/2 

Optic s 



Beryllium Mirrors 

Demonstrate figuring 
of Be mirrors for 
low- temperature 
performance 

1/3 

Mirror 

Overcoating 

Develop or demon- 
strate an overcoating 
that will protect 
silver deposited on Be 
without IR absorption 

l/l 

Mirror Mount 

Develop mounting tech- 
nique for large Be 
mirror on aluminum 
telescope structure 

1/4 

C ontamination 



C ontamination 
Prevention 

Develop techniques for 
protection of 
cryogenically-cooled 
optics from contamina- 
tion by atmospheric 
constituents 

1/2 

Contaminant 

Prediction 

Predict gaseous and 
particulate contamina- 
tion levels in field of 
view in STS 
environment 

Vi 






Organization 


Status 


Plans 


JPL 


Program, in progress 


Results for IRAS 
application FY 77 


NASA- Am e s , 
Contractor to be 
selected 


Plan not defined 


FY 78 


NASA- Ames , 
Contractor to be 
selected 


Plan not defined 


FY 77 


NASA- Am e s , 
Contractor to be 
selected 


Plan not defined 


FY 78 


NASA- Ames 


Experimental setup 
being assembled. 
Analytical study of 
purge gas effective- 
ness completed 
6/75 


Measure deposition 
rates on 4°K surfaces 
from expected en- 
vironment including 
STS sources. Demon- 
strate effecf Iveness of 
purge gas (cryogen 
exhaust) by 1/77. 

Test in-flight warmup 
techniques by 8/77. 
Complete by 6/78. 


NASA- Ames 


Summary report 
being prepared 


Report released 4/76. 
Monitoring of STS 
materials, design and 
operations plans will 
continue through FY 79 






























(Table 6-2, continued) 


Task 

Description 

Category/ 

Priority 

Organization 

Status 

Plans 

Contamination 






(continued) 

Contaminant 

Measurement 

Provide means for 
obtaining contaminant 
column density, 
particle occurrence 
and total IR back- 
ground as functions of 
STS operation mode 

l/l 

NAS A- Ames, 
Contractor to be 
selected 

Preliminary study 
completed 12/75 by 
Perkin-Elmer 

Additional study to be 
completed 12/76. 
Flight planned for 
Orbital Flight Test 
early CY 80. Con- 
tract activity FY 77 

MIC 






Far IR Detectors 

Develop and test 
improved Ge:Ga 
material and contacts 
for 50-120 band 
detectors* 

II/5 

Santa Barbara Research 

Effort started 2/76 

Deliver detectors, 
test results 10/76 


Develop and test im- 
proved Ge;Be 
detectors for 30-50 
band* 

II/5 

Santa Barbara B.esearch 

Planned 

Deliver detectors, 
test results 12/76 

Instrument 

Preliminary- 

Designs 

Develop preliminary 
designs of focal plane 
instruments 

l/l 

NASA- Ames , 
Contractor to be 
selected 

Plan awaiting NASA 

Headquarters 

agreement 

FY 77 

MIC Preliminary- 
Design 

Develop preliminary 
design of multiple 
instrument chamber; 
mechanical, thermal, 
and data processing 

I/l 

NASA- Ames, 
Contractor to be 
selected 

Plan only 

FY 77 

Stabilization 






CCD Star Tracker 

Develop CCD star 
tracker. Test CCD 

1/2 

JPD 

Basic JPL stellar 
sensor designed 

CCD focal plane sensor 
delivered to ARC 6/76. 
Cold tests CCD com- 
plete FY 77. Preli- 
minary SIRTF design 
complete FY 77 


chip at cryogenic 
temperatures 


- 



^Currently sponsored under IRAS study contract j 

(Continued next page) 




Task 


Description 


Org nization 


Status 


Plans 


Stabilization 

(continued) 

Video Inertial 
Pointing (VIP) 
Subsystem 

Develop the Video 
Inertial Pointing 
Subsystem for SIRTF 

l/l 

NAS A- Am es/ Stanford 
University 

First phase, develop- 
ment of hardware 
and software, com- 
pleted FY 76 

Expand to include CCD 
sensor FY 77. Bread- 
board with CCD focal 
plane sensor FY 78 

Stabilization 

System 

Simulation 

Computer simulation 
of combined IPS and 
SIRTF Stabilization 
Systems 

I/l 

NASA- Ames 

Planning started 

FY 77 

Second Folding 
Mirror Chopping 

Breadboard cryogenic 
chop mirror unit; 
test 

1/3 

NASA- Ames, 
Contractor to be 
selected 

Plan not defined 

FY 78 

System 






Scaled Gregorian 
Test 

Design, build, test 
30 cm uncooled 
Gregorian telescope to 
verify astronomical 
performance 

I/l 

NASA- Ames 

Effort started l/76 

Complete telescope 
11/76 


Ground and airborne 
tests 

I/l 

NASA- Ames 

Test plan written 

Tests complete 4/77 


Mechanical 


MIC Selector 


Support design effort 


Develop precise repeat- 
able alignment of 
rotating selector 
(dichroic beam splitter) 
at cryogenic tempera- 
tures. Demonstrate 
operation without con- 
taminating instruments 


l/l 


1/3 


Hughes 


NASA- Ames, 
Contractor to be 
selected 


Effort started l/76 


Plan not defined 


Continue through 6/76 


FY 78 
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(Table 6-2, concluded) 


Task 

Description 


Organization 

Status 

Plans 

Mechanical 

(continued) 

Autofocus 

Subsystem 

Breadboard laser link, 
mirror drive and CCD 
sensor to demonstrate 
focus and collimation 
technique for cooled 
telescope 

1/3. 

NASA- Ames, 
Contractor to be 
selected 

Plan not defined 

FY 78 


PRIORITY DEFINITIONS 

1. Mandatory before starting SIRTF design. 

2. One of several alternate approaches, one must be developed before SIRTF design start. 

3. Very important technology, can save cost in program. 

4. Early development will improve capability to perform program. 

5. Essential for later SIRTF missions for full performance. 

CATEGORY DEFINITIONS 

I Cost/Risk 

II Enhancing Technology 
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CALENDAR YEAR 


1978 

1979 

1980 

1931 

TOTAL 

OPTICS* 

339 

2,385 



2,724 

MECHANICALT 

2,662 

3,712 

1,120 


7,494 

IPS INTEGRATION KIT 

1,052 

1,210 

160 


2,442 

DATA SYSTEMS 

400 

1,026 

905 

190 

2,521 

TELESCOPE INTEGRATION AND TEST/GSE 

119 

570 

398 

195 

1,282 

SHUHLE INTERFACE AND LAUNCH SUPPORT (GAC) 

680 

1,578 

1,534 

511 

4,303 

QUALITY (SHUTTLE-AMES GUIDELINES) 

126 

363 

257 

52 

798 

SYSTEM ENGINEERING 

1,009 

1,009 

863 

507 

3,3PS 

PROGRAM MANAGEMENT 

647 

647 

647 

647 

2,587 

TOTAL IPS MOUNTED 

7,034 

12,500 

5,884 

2,101 

27,519 


*LIGHT Wr'GHTED CERVIT (OR EQUIVALENT) PRIMARY. ADD - S3. 5 MILLION AND - I YEAR FOR 
ACTIVE FIGURE CONTROLLED ALUMINUM PRIMARY 

^ASSUMES SOLUTION TO ISOTHERMALIZATION PROBLEM IS DEVELOPED DURING 1976 - 1978 


Figure 6-3. Ambient telescope hardware development program 
cost estimate thousands of Fiscal Year 1976 dollars). 

gimbal/servo for the ambient telescope was not studied. A 2. 5 meter 
aperture was assumed, although costs do not vary substantially over the 
2. 3 meter to 2. 6 meter range covered by the study. 

For the hardware program, the same schedule can be met for an 
ambient telescope as for SIRTF if a Cervit primary mirror proves satis- 
factory. The alternate is an aluminum mirror with active figure control. 
This technology is established but will result in an addition of 1 year to the 
project schedule and an additional cost estimated at $3. 5 million. To the 
estimate in Figure 6-3 must be added the costs for scientific instruments, 
data reduction and testing facility use that NASA/ ARC estimated for SIRTF 
approximately $8.6 million. 
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REFERENCE FOR SECTION 6 


Space Shuttle System Payload Accommodations, Level II Program 
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APPENDIX A . UNIFORMLY LOADED ANNULAR PLATE SIMPLY 
SUPPORTED ALONG THE OUTER DIAMETER 


DEFINITION OF GEOMETRICAL FACTORS 




The differential equation of the deflection surface is given by 


(eq. 57, p. 53, Ref. A-l) 


[l ^ 1?.)]=2 

r dr '' dr ^ D 


where r = radius (polar coordinates) 

Q = shearing force per unit length of the cylindrical 
section of radius. 

D = Eh^ 

12 (l-v5 

E = Elastic Modulus 
h = plate thickness 
V =* poisson’s ratio 


The shear Q is related to load intensity q by 
2irrQ = qA = irq (r^ - b^) 





m- » 




hence , 


Q « I (r - |-) 


( 2 ) 


The solution to equation (1) must satisfy the boundary conditions 


(w) = 0 

r=a 


(^J = (M^) = 0 

r=a r=b 


(3) 

(4) 


where is the radial bending moment and is given by (eq. 52, p. 52, 
Ref. 1). 


M = -D 
r 


,2 

d w 


dr 


o V ^ 
2 + r dr 


(5) 


Substitution of (2) inl.o (1) and performing the required integration 
yields 4 


3. L- 
= 2D 32 


,2 2 

b r 


(log (f) -P + 


+ log (^) + C 3 


v2 2 

b r 
8 


( 6 ) 


Applying the boundary condition given by (3) yields 


2 12 „ 

§_ 4 . u 2 . p 

4 rr + ^1 


(7) 


Performing the required differentiations of ( 6 ) and substituting 


into (5) yields 


2 2 2 
^r = " 2 jl“ " T log(f)- \ (1-v) 


C C 

+ (1+v) - (1-v) 


( 8 ) 
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V.; m 


^1 "( 1 +v) 


Applying the boundary conditions given by (4) yields 

[- (3+V) - (^'^■) 1°8 (|) 

- r (3+v) + J- (l+v) 1°8 (“)\ 




+ r ( 1 - 


- a=^b^ 


( 9 ) 


( 10 ) 


I 



In some instances, a normalized form of ( 6 ), (7), (9), and (10) is 

more convenient. 

Let t = - and p = ■- 
a “ 


4 i ^4 „2 2 

, q a < P _ ^ P- - 

then w = ) 32 4 


log P - -9 


,2 2 

to 


+ J, log P + J. 


1 4 


(11) 


where 


•Ji- 


(Tbf ^ 


2 2 
+ il (i-v^) 
^ 4 


( 12 ) 


'^2 = 


(l-t 2 )(l-v) 


-2 ^ I 

( 3 +v) + |- ( 1 +v) log t^ 

8 ^ 


(13) 


_ t_ 
32 4 


(14) 


M -w 
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APPENDIX B. UNIFORMLY LOADED ANNULAR PLATE SIMPLY 
'f SUPPORTED AT THREE EQUALLY SPACED POINTS ON THE 

W OUTER DIAMETER 
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The deflection surface, v, is given by (p. 293, Ref. 1) , 


vr - w + w- 
o 1 


( 1 ) 


where is the deflection of a platt^ simply supported along the entire 


boundary (see Appendix A for derivation) and satisfies the homogeneous 
differential equation, 




( 2 ) 


where r, 0 are the polar coordinates of an arbitrary point on the 
surface. 

The solution to (2) can be expressed in the form of an infinite series 
(pp. 284 - 285, Ref. 1) . 


w, = A + B log r + C r^ + D r^ log r 
loo- o o 


-1 3 

+ A^r cos 0 + r cos 0 + r cos 0 + r log r cos 0 


+ A^r sin 0 + B^ r~^ sin 0 + C' r^ sin t + r log r sin 0 


■ C' f A m. . _ "111 , f-m 111 I 2 I K Ttl I 2 "1 

+ E{Ar+Br +Cr +Dr s cos m0 
„ m m m m 

m=2 


+ S{Ar +Br +Cr +Dr } sin m0 
o m m ra m 

m=2 


(3) 


The solution (1) must satisfy the following boundary conditions 


(w) 

r=a 


(w) = (w) 

'• 'x=a r=a 


0=0 


0 = 


2tt 


0 = 


4tt 


B-; 




“‘'r 

/ 

« » 






Because w = 0 for r=a, the above become 
o 




0=0 




2tt 


0 


a 

,=4tt 


( 4 ) 


Also, the radial bending moment, M^, must vanish for r=b and r=a, or 


(M ) = (M ) 

r=a r=b 


= 0 


(5) 


The final two boundary conditions are estalished by the net shear 
V. (See p. 293, Ref. B-l). 

= 0 (6) 

3 N, 


(V) = - E { 4 + E, cos m0. } 

r=a TTa 2 m=l i 


(7) 


where 0. = 0 - Y, 

X 'x 

= i — support angular coordinate 
= Reaction of i— support. 


By symmetry, 

Nf = -| TT (a^ - b^) 

2TT 4tt 

Also, = 0, Y2 = — , Y3 = — ^ 


Substituting into (7) and simplifying yields 


(V) = - a) + 9 ( ^ - a) J 

' r=a 2 a ^ a m- 


m=3, 6, 9 


cos m0 


( 8 ) 
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The radial bending moment is given by (e.g. 192, p. 283, Ref. 1) . 


M 

r 


= -D { 



r i j. S. 

r 3r 72 


1 9 w 1 3"w“l , 

i 


( 9 ) 


Because already satisfies (5) (see Appendix A), the constants of 
(3) must satisfy (5) separately. Performing the necessary differentiations 
on (3) and substituting into (9) yields 
-2 

= -jj r 
o 

'1 

-3 


(M^) - -B^r ^ (1-v) + 2 (I4v) |" (34v)+2(l+v) log r“l 


4 2(l-v)Bj^r COS0 4 2 (34V) C. r cosG 4 (l4V)D,r”^cos0 

1 


4 2(l-v)B^r'^sin0 4 2(34V)C^r sin0 4 (l4V)Dj^r"^ sin0 


4 ? {m(m-l) (l-v)A r"*“^4m(m41)(l-V)B 
m=2 ™ /V y 


m 


4(m41) |m(l-V)42(14V)J C^r*" 

4(m-l) [^(1-V)-2(14V)] D^r“'"} cos m0 


4^12 {m(m-l)(l-V)A^r“"^ 4 (m41) (l-V)B'r""'“^ 
4(m41) |^m(l-v)42(14v)J C^r”' 

4(m-l) j^m(l-v)-2(l4v)] D''r“"'} sin m0 


( 10 ) 
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The net shear V is given by (eq. j, p-, 284, Ref. 1) 

V - Q -i 

r 3 0 

o 2 

1 . r. n 3 / 3 .1 9w . 1 3 w I 

^here Fr ^ ^ 7 ^ ^ ^ ^ 


M - /■! \n / 1 3 W 1 3w \ 

\t " ^ 7 3T^ " 7^ 30 ^ 


Performing the required integrations on (3) of this section and (6) 
of Appendix A, and substituting the results into (ll) yields 

. k2 

V - ^ {— -r} + D {-2(3+v)C^ COS0 -2(3+v)C^ sin0 


-2(l-v)Bj^ r ^ COS0 -2(l-v)B^ r ^ sin0 ^ 


+ (3-v)D^r ^ COS0 >(3“v)D^r ^ sin0 


+2 m^(m-l) (l-v)A^r™ ^-m^(m+l) (l-v)B^r ™ ^ 

m=2L. 


+m(ra+l) m(l-v)-^ C r’" 

i TTl 


-m(ra-l) [m(l-v)+4^ D r cos m0 


+? f m^(ra-l)(l-V)A-'r"'”^-m^(m+l)(l-V)B"r 
m=2 


>. -m-3 


4m(m+l) [m(l-V)-^ C'v 


^ m-1 


-mfm-ll lmfl-V^+41 


sin m0 } 


Applying the boundary conditions expressed by (5), (6) and (8) to 
(10) and (12) yields 


C =* D = 0 
o o 


Bl = D, = 0 


K = = 0 


B' = C" = D' = 0 
m m m 


if M 4 3, 6, 9 ... 


A = B = C =D = 0 
m m m m 


if M = 3, 6, 9 ... 


^ - -(mtlHl-v ) <-("*lH3+v)b2"‘+\ - (m-1) (m+1) (l-v)b2E„ ) 


m m(m' 


• rf)(i-v ) ^-(ra+l)(m-l)(l-V)b^C^+(m-l)(3+V)b"^"‘'^^D } 


(m+1) 


^ (t^-l)a^b“™ K { m(l-V)-2(l4v) t"*+(3+V)t“™'*'^ 


- (m+1 ) ( 1 - v) } 


D - § (t^-l)aV ^ {- 


m(l-V)+2(l+v) t“"‘+(3+v)t®‘^^ 


+ (m-l) (l-V)t“"‘'^^ } 
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where K = m~^ { 2m^(t ^-1)^(1- )^-2(3+v)^ t^(t^”*+ t“^”) 
In 


+16(l+v) (t^+l)+4(l-v)^ }“^ 


(14) 


1 | 

■«.-?#■ 


and t - (b/a) . 


'jir 


But, using the first two equations of (13), 


\r 


U m.„ -m.„ ni+2._ -nH-2 •> 

r +B r +C r +D r } 
m m m m 


= {. ^ tVbV 


+ ( (£T - ^ Qr* (15) 


where p = — 
^ a 


:i 


by letting 


F = { rm(l-V)- 2 (l+V)l t®+( 3 +V)t"”'’’^^- (m+l)(l-V)t”^^} 


(m+l) 


K 


(16) 


G = * m {-[m(l-V)+2(l+V)3 t“”'+(3+V)t”^'^+(m-l)(l-v)t"""^} 
(m-1) 


■ l_- 

‘itr 
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and substituting into (13), (15), and (3), there results 


w = A + A,r cosG + A^r sinG 
1 o 1 1 


+ if 

D m=3,6,9 


m+1 _ (34y) ^ 

” m t m(l-v) t t 


F cos mG 
m 


+ , Q 

m=3 ,6,9 


(m-1) £. ™ . (3+v) £ £. 

m t m(l-v) t t 


m 


-m+2 


G cos mG } 
m V.1 / ) 


Applying the boundary conditions expressed by (4) to (17) results in 


^1 “ ■^l " ° 


A = + 
o 


£a 


? H F + I gH 

D 1 c a 

m=3,6,9 I— — I 


. (m+1) ^-m. (3+v)_ ^m „-m-2 

where t t -t 


(18) 


. (m-1) ^m (3+v) *.-m ^m-2 

\ ^ "m(l-v) 


Using (17) and (18) of this section and (11) of Appendix A, equation 


(1) becomes 


4 4 ^'2 2 2 

„ = (log p - 1)+J^ -P- + log p + 


+ (t^- t^) 


"^m=3,6,9 


o (H F + I G ) 
m=3,6,9 mm mm 


_ iHtll iMal £ ”+ £ ) F cos mG 

m t m(l-\)) t t / m 


^m=3,6,9 (” 


(m-1) jD (34y) £ “ + ^ 

m t m(l-v'> t t 


m 


-m+ 


G cos mG 
m 


(19) 
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where Jj^, J^, J^ are given by (12), (13), (14) of Appendix A and F^, 

G , H , I , are given by (16) and (18) of this section. Denoting the terms 
m m m ” 

contained in { } by X , (19) becomes 

m 


w = -a2- X 
, D m 


( 20 ) 


li 


i w. 

!>k 


The slope in the radial direction, <j)^, is given by 


= - 


|s I 
r- 

ii* 


i-£' 
I J- 


li I: 

■;'4 K 


Performing the differentiation on (20) yields 

(f) =: Y 

^ D m 


\ ' if- V p - - ^1 f - 4 


I 00 

+(f^-t){ E 


m=3, 6^ 9, 


( 21 ) 


( t ) ■ -o^ (t j ■ (t 


,m+l 


F cos m0 
m 


* • * 


'■mm 


Oap- 


+ E 

m=3j6j9, L 

$ 9 $ 




G cos m0 
m 


The slope in the 0 direction is given by 

. _ 1 aw 

♦e-'7 30, 


Performing the differentiation on (20) yields 

*0 = ^ 


( 22 ) 


m 
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where Z 

m 


(in— 3j6,9, 


-(m+1) 



(3+p) 
“ (1-v) 



-m-1 



F sin m0 
m 


"*in=3 ,6,9 


-(m-1) 



-m-l 

+ 


(ItMl 

(1-v) 


G sin m0 
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APPENDIX C. THERMAL ANALYSIS MODEL 


The SIRTF thermal model is a nodal network consisting of 36 nodes. 
The node locations are listed in Table C-1. The node locations selected to 
obtain realistic temperature distributions and to accurately model the 
thermal paths from points of thermal loading to points of thermal cooling. 

The model is constructed such that various configurations can be investigated 
without creating another model. Due to this, nodes 14, 20, 26, 3 1 do not 
appear in the model network listing. The model is programmed directly 
for computer solution as this provides much more flexibility in modeling and 
efficiency in computer usage than when using a standard thermal analyzer 
program. The model is programmed for the Hughes Decsystem-10. 

The couplings consist of two types: Those due to radiation and those 
due to conduction. Convection was not considered: the telescope will be in 
vacuum and the heat exchangers were treated under the condition that the 
heat exchanger exhaust gas temperature is 1°K below that of the node being 
cooled. The radiation couplings were represented by the relationship: 

°12 = 1 


C-1 


where 


Area of node 1 

^effective emissivity between node 1 and 2 
View factor between node 1 and 2 
Temperature node 1 
Temperature node 2 


MODEL NODE LOCATIONS 


TABLE C-1 


MIC Housing 
Mirror (Beam Splitter) 
Mounting Flange 
Mirror (Secondary) 
Mirror (Stabilization) 
Mirror (1st Folding) 
Mirror (Primary) 


Baffles 


Primary Mirror Support 
Telescope Support 

Telescope Support/4th Fiberglass Isolator (Three Shield Model) 
Telescope Barrel Aft 

Inner Telescope Radiation Shield (Three Shield Model) 


Central Telescope Radiation Shield 


(Continued next page) 



TABLE C-1 (continued) 



Outer Telescope Radiation Shield 
Vacuum Jacket 

Fiberglass Support Isolator Joint (Central) 

Fiberglass Support Isolator Joint (Outer) 

MIC Inner Radiation Shield (Three Shield Model) 

MIC Central Radiation Shield 
MIC Outer Re.diation Shield 
Inlet Helium 

Heat Exchanger (MIC Housing) 

Heat Exchanger (Interface of Telescope MIC and Fiberglass Isolator) 
Heat Exchanger (Spare) 

Heat Exchanger (Stabilization Mirror) 

Heat Exchanger (Telescope Barrel Fwd) 

Heat Exchanger (Telescope Barrel Aft) 

Telescope Barrel Fwd 

Fwd Inner Radiation Shield (Three -Shield Model) 

Fwd Central Radiation Shield 
Fwd Outer Radiation Shield 
Fwd Baffle 

Heat Exchanger (Central Telescope Radiation Shield) 

Heat Exchanger (Outer Telescope Radiation Shield) 



The conductive 

couplings were represented by the relationship 


Qi 2 = KdT./4 KdT) 

where 


^1 = 

Cross sectional area 

L 

Length between node 1 and 2 

K = 

Conductivity 

T 

. Temperature 


Thermal conductivity integrals were used for all materials due to the large 
conductivity variation over the SIRTF operating temperature range. The 
thermal conductivity integrals for aluminum 6061, beryllium, and fiberglass 
were plotted as a function of temperature. The equations for the conductivity 
integrals were then determined for each material, and the equations were then 
used in the model (see Table 3-19). 

The program variables are presented in Table C-2. It should be noted 
that not all variables in the program listing were used. This is due to the 
fact that this program is a general format. It can be applied to many 
thermal analysis problems by changing the thermal network and its specificatio 
The program uses the forward differencing technique to analyze the network. 

It continues this until the change in temperatures between iterations becomes 
letis than a predetermined value. At this point the temperature solutions to 
the network are printed. An additional parameter, which acts as an 
iteration counter, prevents excessive iterations. When this parameter is 
surpassed it causes the temperatures at that point to be printed and 

execution to cease. A listing of the program is supplied in reference 3-22. 


II 


TABLE C-2 

It MODEL VARIABLES 

V'# ■ 


1 1 

T 

- 

Node Temperatures (°K) 


H 

- 

Node Heat Inputs (Watts) 

If' 

Q 

- 

Heat Flow Paths Resulting from Conductance (Watts) 


SQ 

- 

Node Heat Flow Paths Summation (Watts) 


CM 

- 

Network Stabilization Constants 

'i b 

AA 

- 

Thermal Conductivity Integral for 6061 Aluminum (W/cm) 

* «• ' 

CC 

- 

Thermal Conductivity Integral for Beryllium (W/cm) 

if .. •* 

BB 

- 

Thermal Conductivity Integral for Fiberglass (W/cm) 


DTMP 

- 

Forward Differencing Step 

■ ■ 

ERRT 

- 

Stabilization Criterion A T 

f. 

FM 

- 

Mass Flow of HiHium (GM/SEC) 

» •■'nt 

ITER 

- 

A Counter to Prevent Excessive Iterations 

k 

•« 

LIMIT 

- 

Iteration Limit 
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APPENDIX D 

DEDICATED GIMBAL ASSEMBLY FOR SIRTF 
D-1. INTRODUCTION 

This appendix describes a three-axis dedicated gimbai assembly 
which provides an alternative to the European Instrument Pointing System 
(IPS), and can be used with Shuttle payloads other than SIRTF' . 

Section D-Z gives a brief description of the telescope and its associ- 
ated equipment. Section D-3 provides a detailed description of the mechanical 
configuration of the dedicated gimbai assembly. Section D-4 presents the 
results of a preliminary structural analysis of the dedicated gimbai design. 
Section D-5 describes the overall configuration of the dedicated gimbai servo 

system. 

Table D-1 lists the specifications pertaining to gimbai performance, 
pointing, and line-of-sight stabilization for the SIRTF telescope and dedicated 

gimbai assembly. 

The dedicated gimbai design relies on proven technology and offers a 
number of advantages compared to the IPS. Of primary importance is the 
fact that the gimbals are masis-balanced around all three axes of rotation. 

This provides the following operational and structural advantages. 

'liBecause this work w-as done early in the program, the SIRTF 
telescope configuration used is the one current at that time. 

The subsequent changes do not affect the validity of the general 
configuration or conclusions. 
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Table D-1. SIRTF SPECIFICATIONS WITH DEDICATED GIMBAL SYSTEM 


Parameter 

Numerical Values 

Comments 

Gimbal Configuration 

Cross -elevation 

Outer 

See Figure D-3 for illustration. 


Elevation 

Middle 

All gimbals are balanced about 


LOS Roll 

Inner 

their axes of rotation. 

Ghvibal Angular Coverage 

Cross -elevation 

±60 deg 

Elevation gimbal rotates 


Elevation 

±60 deg 

90 deg forward to stow. 


LOS Roll 

>90 deg 


Gimbal Scan (Raster) 

Height and 

0 deg to 1 deg 

Scan specifications refer to 


width 

(1 min increments) 

inertial space. 


l.ine spacing 

0. 1 min to 30 rniri 




(adjustable incre- 




ments from 




2 s^ to 2 min) 



Scan Rate 

- 1 0 deg/min to 
HO deg/min 
( 0 . 1 deg/min 
increments) 


Gimbal Slewing 

Slew Rate 

>2 deg/ sec 

Slew rate pertains to either 




elevation or cross-elevation 

Gimbal Acceleration Capability 

Cross-elevation 

10 mracl/sec^ 

gim bals. 

These values are based on 


Elevation 

10 mrad/sec^ 

estimated gimbal inertias. 


LOS Roll 

70 mrad/sec^ 


System Wei,.,ht 

6693 Kg 

Total including telescope. 




gimbals, CMG's, cryogen 

Gimbal Stabilization 

Cross -elevation 

30 se^, RMS 

tanks, cover, and pallets. 


Elevation 

30 RMS 

Bias and Jitter 


LOS Roll 

30 sec, RMS 


SIRTF Gyro Platform 
Stabilization 

1 sec", RMS about 
axis 

each platform 

Bias and Jitter 

Overall LOS Stabilization 

< 1/4 sec, RMS about each axis 

Bias and Jitter (with 


orthogonal to LOS 


internal alignment mirror 




and platform gyro feed- 

Image Roll Stabilization about LOS 

30 s^, RMS 


forward signals) 

LOS Drift 

<0* 1 sec/sec 


Low-frequency drive 
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Earth Testing 

The balanced design permits the gimbals to be tested on the earth 
without an external support systpm. The use of pulleys, cables, springs, or 
other devices for supporting the telescope in a 1-g environment would probably 
alter the structural properties of the telesbope such that ground testing would 
be insufficient to insure satisfactory performance in space. 

Minimization of Driven Inertia 

When the telescope is supported about its center of mass rather than 
at its end, the driven inertia is reduced by a factor of 3 to 4. The size and 
power requirements for the gimbal torquers are correspondingly reduced. 
Minimizat ion of Sensitivity to Linear Vibration 

Center of gravity gimbaling minimizes rotational disturbances of the 
telescope caused by linear vibration of the pallet. 

Minimization of Structural Problems 

When the telescope is mounted about its center of mass its unsupported 
length is minimized. The problems relating to structural bending are therefore 
also minimised, and the resonant frequencies of the telescope are made as 
high as possible. 

The structural problems relating to the attachment of the telescope 
to the gimbals are also minimized when the gimbal ring surrounds the tele- 
scope at its center of mass. 

Minimization of LOS Stabilization Disturbances Due to LOS Roll Com mands 
A final advantage of the dedicated gimbal design is that the innermost 
gimbal of the three-axis system provides the roll capability. The telescope 
can therefore be rolled 90 degrees about its line-of- sight (LOS) for polariza- 
tion purposes without moving the two outer gimbals and causing unnecessary 
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LOS disturbances. The IPS gimbal configuration requires that all three 
gimbals be moved over large distances to produce LOS roll. 

A disadvantage of the yoke design used in the gimbal described here 
is that a substantial portion of the volume surrounding the telescope is 
occupied by the yoke. Relatively small cryogen tanks must be used if they 
are to be mounted on the telescope (between the yoke and the sunshade). 
Off-gimbal mounting of the tanks is also a possibility, and is discussed here 
as the baseline configuration. 

D-2. SIRTF SYSTEM DESCRIPTION 

The general configuration of the SIRTF telescope and its associated 
equipment is shown in Figure D- 1 . The following discussion provides a brief 
description of the major subsystems. A more complete description is pre- 
sented in Reference D-1. 
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Figure D-1. SIRTF system configuration. 
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Telescope 

The SIRTF instrument is a cryogenically-cooled, Gregorian telescope 
having a 1-meter aperture. In order to provide thermal isolation the telescope 
structure consists of two concentric cylindrical shells attached by a fiberglass 
cone structure. The supporting gimbal is attached to the outer telescope shell, 
and the optics are supported by the inner shell. 

Because of its double shell configuration, dictated by thermal con- 
siderations, the overall telescope structure cannot be made highly rigid. 
However, preliminary analysis of a 40-node model of the telescope indicates 
that all telescope resonances will be above 30 Hz. 

Internal i - lignment Mirror 

The telescope is provided with an internal, two-axis, LOS steering 
mirror that performs the following functions: 

1. Corrects for optical misalignments and jitter due to structural 
motion of the inner telescope shell with respect to the outer 
and thermally induced shifts. 

2. Provides stabilization of the LOS relative to the gyro reference. 

3. Implements the space chopping function. 

A reactionless drive is proposed for the mirror in order to avoid 
exciting telescope structural resonances that could occur when the mirror is 
commanded to chop over the wide frequency range from zero to 200 Hz. 

Both the mirror and its reaction inertia are mounted with flexure pivots to a 
cruciform-shaped spider structure. Four moving coil electric driver 
assemblies, similar to a loudspeaker cone driver, are attached between the 
mirror and reaction inertia at 90-degree intervals. Diametrically opposing 
pairs of drivers excited in opposition produce equal and opposite torques and 
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forces on the mirror and reaction inertia. The reaction torques and forces 
on the base (cold telescope structure) are therefore cancelled. 

Gyro-Stabilized Platform and Laser Reference 

A precision, gyro- stabilized platform is mounted on the outer tele- 
scope shell. The platform is supported by flexure pivots and is controlled 
by wide bandwidth stabilization servos. 

An alignment laser source is mounted on the platform. This inertially 
stabilized source injects an alignment beam into the telescope as shown in 
Figure D-1. The alignment beam travels through the telescope optics and is 
focused on an error detector (CCD array). The internal LOS steering mirror 
is servoed so as to bring the telescope LOS into the desired position relative 
to the alignment reference beam. Space chopping is implemented by com- 
manding the internal alignment mirror as shown in Figure D-1 
CCD Array and Star Tracking 

A charge coupled device (CCD) array is used for both optical align- 
ment purposes and for providing guide star position information. The CCD 
array output is processed by the CCD electronics as shown in Figure D-1, and 
gyro torquing signals are derived. The torquing signals drive the gyros to 
the desired angular orientation relative to the selected guide stars. A 
detailed discussion of the star tracking process is given in Reference D-2. 

There is some doubt as to whether the CCD array can provide 
sufficient frequency response for following the space chopping commands. 

If the CCD array does not have adequate bandwidth it will be necessary to 
mount a separate set of position transducers on the LOS steering mirror for 
implementing the wide-bandwidth chopping servo. The chopping servo will 
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then be a wide-bandwidth position loop enclosed within a lower -bandwidth 
optical alignment loop. 

Coarse Gimbal A ssembly 

Large angular coverage for the telescope is provided by the coarse 
gimbal assembly. The coarse gimbals are described in Section D-3. The 
coarse gimbals are controlled by slaving them to the SIRTF stable platform. 
The slave loops are implemented by using the deflection angles of the plat- 
form flexures as ertor signals to drive the coarse gimbals into alignment 
with the platform. 

D-3. DEDICATED GIMBAL MECHANICAL CONFIGURATION 

Figure D-2 shows the stowed position of the telescope in the Shuttle 
bay, and Figure D-3 shows the telescope in its operational position. In the 
stowed position the telescope is supported at its forward end by the telescope 
cover. The cover moves longitudinally to fit over the telescope end and 
rotates to lock firmly onto the telescope barrel. 

Figure D-4 shows the angular coverage provided by the gimbals. The 
telescope can sweep out a cone having an angle of 60 degrees measured from 
the vertical. The elevation gimbal provides 90 degrees of motion from the 
vertical to permit the telescope to stow in a horizontal position. 
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Figure D-4. Telescope angular coverage. 

The arrangement of the gimbal axes of rotation is shown in Figure D-5. 
The gimbal base is a pedestal mounted on the Shuttle pallet. The outer gimbal 
is a yoke that turns about the cross-elevation axis. The middle gimbal is a 
ring that surrounds the telescope and provides motion about the elevation axis. 
Roll about the telescope LOS is produced by rotating the telescope within the 
elevation gimbal ring. 

An outline and mounting drawing of the telescope and dedicated gimbal 
assembly is shown in Figure D-6. Although control moment gyros (CMG's) are 
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Figure D-6. SIRTF telescope. 
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A detailed drawing of the cross-elevation gimbal drive is shown in 
Figure D-7. The cross-elevation yoke turns on steel race bearings of approxi- 
mately 67 cm diameter. The cross -elevation gimbal is driven by a dc pancake 
torquer. Cryogen is fed across the gimbal junction by means of a rotary 

joint located on the axis of rotation. 

The elevatioti gimbal details are shown in Figures D-8 and D-9. The 
elevation torquer and resolver are mounted on opposite sides of the telescope. 
The elevation gimbal is supported by steel race bearings having a diameter 
of approximately 27 cm, Cryogen is transferred across the gimbal junction 
by a rotary joint. 

The roll bearings permit the telescope to rotate about the LOS within 
the elevation gimbal ring. The roll bearings have aluminum races and are 
approximately 196 cm in diameter. The position of the roll bearings can be 
seen in Figure D-8 or Figure D-9. 

The roll torquer is located at the rear end of the telescope as shown 
in Figure D-10. This torquer is connected between the telescope outer shell 
rear structure and the external roll gimbal housing. The roll gimbal housing 
is a thin shell that attaches to the elevation gimbal ring and envelopes the 
rear end of the telescope as shown in Figure D-6. 

The roll torquer is provided with a set of small bearings as indicated 
in Figure D-lO. The rotary joint for bringing cryogen into the telescope is 
located at the rear of the telescope on the roll axis. 

A listing of the gimbal torquers is given in Table D-2. The torquers 
are of the brushless, pancake type and are built by Magtech, The manufac- 
turer's numbers listed in the table pertain to the conventional brush version 
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Figure D-8, Elevation giinbal (torquer side). 




TABLE D-2. DEDICATED GIMBAL TORQUER SUMMARY 


Gimbal Axis 

Magtech Number 

Maximum Torque 
(lb ft) 

Driven Inertia 
(lb ft sec^) 

X-EL 

14000D-180 

50 

4330 

EL 

23040-270 

3 7. 5 

3935 

ROLL 

12040-200 

29 

404 


of the torquers. Eqaivalent brushless units can be obtained from the 
manufacturer. 


The elevation and cross-elevation torquers are sized to permit the 
gimbals to start from rest at one gimbal limit, travel over the entire range 
of 120 degrees, and come to rest at the other gimbal limit all in 30 seconds. 

A weight summary for the telescope, dedicated gimbals, and associated 
equipment is given in Table D-3. 


TABLE D-3. SIRTF WEIGHT SUMMARY 


Unit 

Wt. (lbs) 

Mass (kg) 

Telescope 

4000 

1818 

(less MIC) 



Gimbals 

2066 

939 

SHg Tanks (2) 

1458 

663 

CMG's (4) 

800-'^ 

364* 

Water Tanks (3) 

3000 

1364 

Sub Total 

11324 

5148 

Cover 

1000 

454 

Pallets (2) 

2400 

1091 

Total 

13924 

6329 


'’'Not included in total. 










D-4. DEDICATED GpviBAL STRUCTURAL ANALYSIS 

A static and dynamic structural analysis has been performed using 
the MRI/STARDYNE structural analysis system. The dynamic analysis con- 
sisted of a modal extraction yielding the first 10 natural frequencies and 
associated mode shapes. 

The results of the dynamic analysis are summarized in Table D-4. 

This table lists the first 10 natural modes and modal frequencies. A mode 
shape description is also given. A detailed discussion of the analysis and a 
graphical presentation of the mode shapes are given in Reference D-3. 

Table D-4 indicates that the lowest modal frequency excited by the eleva- 
tion drive is 6. 2 Hz. The elevation gimbal servo will therefore have a band- 
width of about 1 to 2 Hz. The cross -elevation gimbal servo can have a band- 
width on the order of 4 Hz because the lowest modal frequency excited by the 
cross-elevation drive is 24,2 Hz. 

There Is a possibility of improving the gimbal servo bandwidlhs by 
using a constrained-layer damping technique for the cross-elevation gimbal 
yoke as shown in Figure D-11. Preliminary analytical studies, following the 
procedure outlined in DuPont's "Engineering Design Sheet for Constrained- 
Layer Damping of Beams, " suggest that the dynamic amplification factor 
for the cross-elevation gimbal yoke could be reduced by 20 db. The damping 
technique involves bonding a visco-eiastic damping material between the 
gimbal yoke and a constraining layer of beryllium or aluminum. 

The Improved structural damping should make it possible to increase 
the open-loop crossover frequencies of the gimbal servos without Changing 
the basic resonant frequencies of the structure. 
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TABLE D-4. RESL' TS OF MODAL EXTRACTION FOR 
SIRTF GIMBAL SYSTEM 


Mode 

Mode 


Excitation of Mo 
Gimbal Driv 

des by 

£fi 

Shape 

Number 

Shape 

Frequency 

Mode Shape Description 

LOS 

Elevation 

Cross 

Elevation 

1 

5. 6 Hz 

Lateral translation and LOS rotation 
of telescope due to cross-elevation 
gimbal flexure 

Yes 

No 

No 

2 

6. 2 Hz 

Vertical translation and elevation 
rotation of telescope due to corss- 
elevation gimbal flexure 

No 

Yes 

No 

3 

14. 0 Hz 

Elevation rotation of telescope due 
to elevation gimbal flexure 

No 

Yes 

No 

4 

21. 1 Hz 

Lateral translation and LOS rotation 
of telescope due to elevation and 
cross-elevation gimbal flexure 

Yes 

No 

No 

5 

22. 3 Hz 

Longitudinal translation of tele- 
scope due to elevation and cross- 
elevation gimbal flexure 

No 

No 

No 

6 

24. 2 Hz 

Cross elevation rotation of tele- 
scope due to cross-elevation 
gimbal flexure 

No 

No 

Yes 

7 

83, 6 Hz 

Lateral translation and LOS 
rotation of telescope due to eleva- 
tion and cross-elevation gimbal 
and tower flexure 

Yes 

No 

No 

8 

111 Hz 

Vertical translation and elevation 
rotation of telescope due to 
elevation and cross-elevation 
gimbal and tower flexure 

No 

Yes 

No 

9 

118 Hz 

Cross elevation rotation of tele- 
scope due to cross -elevation 
gimbal flexure 

No 

No 

Yes 

10 

120 Hz 

Vertical translation and elevation 
rotation of telescope due to 
elevation and cross-elevation 
gimbal and tower flexure 

No 

Yes 

No 
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Figure D-11. Cross elevation yoke cross 
section showing proposed 
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d-5. servo system configuration 


The purpose of this section is to describe the gimbal kinematics and 


servo configuration for the dedicated gimbal system. See Section D-6 for a 


general introduction to the nomenclature. 


Gimbal Configuration and Nomenclature 


Since many gimbal angles and coordinate systems must be considered, 
the kinematic description is greatly facilitated by the adoption of an organized 
system of notation. The nomenclature defined here has the advantages of 


being both mnemonic and easy to write. 

The various bodies that constitute the gimbal system are identified 


by capital letters as follows; 


Body A 


Shuttle 


Body B 


Coarse outer giiiibal (X-EL) 


Body C 


Coarse miidole gimibal (EL) 


Body D 


Coarse inner gimbal (LOS ROLL) 


Body E 


Gyro- stabilized platform 


A sketch of the glmhal system showing the various glmbaled bodies Is shown 


In Figure D-12. 
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IdGn.tific3.tion of SIRTF 
gimbaled bodies. 


Each body has a set of body-fixed coordinate axes that constitute an 


orthogonal and dextral coordinate system. The axes are denoted by appropriate 
lower case letters with subscripts. 

Body 
A 
B 
C 

, D 
E 

The gimbal angles for the coarse gimbal assembly are 
e = coarse outer gimbal angle (X-EL) 
c = coarse middle gimbal angle (EL) 

(}) = coarse inner gimbal angle (LOS ROLL) 


Body Axes 

hi, b^, b^ 
Cl, c^, c^ 










The deflection angles for the gyro platform suspension are 
6^ = deflection angle about d^ axis 
6 = deflection angle about d^ axis 

The gimbal angles and body axes are defined pictorially in Figure D-13. 
The Shuttle axes a^. a 2 » a 3 have the orientation shown in Figure D-13(a). These 
axes have the directions of aft, right wing, and up, respectively. The longi- 
tudinal axis of the telescope is axis d^. When all gimbal angles are zero the 
telescope points upward relative to the Shuttle. The telescope is stowed 

with e = -90 degrees (looking forward). 

A more concise definition of the gimbal angles and axes is given by 

the Program of Figure D-14. This figure employs the pictorial representation 
of coordinate systems described in Section D-6 of this appendix. The symbols 
6^ and 6^ represent the deflection angles of the gyro platform suspension. 

Since these angles are small, the order in which they appear in Figure D-14 is 

immaterial. 

The inertial angular rates for each body are denoted by the symbol w 
with appropriate subscripts to identify both the body and the axis of 
rotation. 

GO w o = inertial angular rates of Body A about a^^, a^, 

"Aal’ Aa2’ Aa3 

axes, respectively. 

"^Bbl^ ‘^BbZ* ‘^Bb3 ” angular rates of Body B about b^, b^, b^ 

axes, respectively. 

, o) o = inertial angular rates of Body C about c , c , c , 

Ccl* Cc2" Cc3 ^ ICO 

axes, respectively. 

00 = inertial angular rates of Body D about d , d , d^ 

“Ddl’ Dd2* Dd3 ^ ^ 

axes, respectively. 


00 , 


00 , 


00 , 
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Figure D-14. Gixnbal angle Program. 

u) w w = inertial angular rates of Body E about 

^Edl' Ed2' Ed3 

dj, d^, dj axes, respectively 

^ o = inertial angular rates of Body E about e^, 

Eel’ EeZ’ Eei 

axes, respectively. 

The torques acting on the glmbaled bodies are denoted by the letter T 
with appropriate subscripts to identify both the body and the axis about which 

the torque is applied. 

rp rp rp _ torques acting on Body B about b^, axes, 

^Bbl’ ^Bb2» Bb3 ^ 

respectively. 

T, T T = torques acting on Body C about c^, c^, axes, 

^Ccl’ Cc2’ Cc3 ^ 

respectively. 

rp X p. _ torques acting on Body D about d^, d^, axes, 

^Ddl’ Dd2’ ^Dd3 

respectively, 

rp T r. = torques acting on Body E about e^ ®3 

^Edl’ Ed2’ Ed3 ^ 

respectively. 
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The moments of inertia of the gimbaled bodies are denoted by capital 
letters with appropriate numerical subscripts. 

Bj, = moments of inertia of Body B, about bj, b^, b^ axes, 

respectively. 

Cj, C^, = moments of inertia of Body C about c^, c^, axes, 

respectively. 

Dj^, D^, = moments of inertia of Body D about d^, d^, d^ axes, 

respectively. 

Ej, E^, = moments of inertia of Body E about d^, d^, d^ axes, 

respectively. 

Angular Rate Relationships for Gimbals 

The derivatives of the gimbal angles can be expressed as the 
differences of various inertial rates as follows: 


( 1 ) 


The relationships of Equations (1) imply that axes and b^ are coincident 
with the cross -elevation gimbal axis, axes b^ and c^ are coincident with the 
elevation gimbal axis, and axes c^ and d^ are coincident with the LOS roll 
gimbal axis. 

Similar expressions can be written to express the derivatives of 
the gyro platform suspension angles. 


® = “Bbl 

■ “Aal 

E = 0J_ 

- CO 

Cc2 

Bb2 

“Dd3 

- “Cc3 


^1 ‘^Edl " ‘^Ddl 


^2 “Ed 2 • “Dd2 


( 2 ) 


The relationships expressed by Equations (1) and (2) are included in 
Figure D-15 which shows the angular rate relatio .iv-kips for the gimbal assembly 
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h r 


The inputs shown in the figure are the Shuttle inertial rate = <“Aal- ^Aa.Z* 

co^as)* the rates produced by the coarse gimbal torquers ‘^Dd3^* 

and the rates produced by the gyro platform torquers and <*>2d2^* 

outputs of Figure D- 1 5 are the intertial rates of the gyro platform 

co„ Since the LOS is held in coincidence with axis e_ by the internal 

Ee3' ^ 

alignment mirror, the rates “Ee3 inertial rates of the LOS. 

Gyro Platform Dynamics 

Since the platform deflection angles 6j and 6^ are small, the right 
side of Figure D-15 can be replaced by the small angle approximation of 
Figure D-16. 

The rotational dynamics of the platform are expressed by the Euler 
equations listed below. These equations are written in terms of the axes d^, 
d_, and d_. In order to be strictly correct these equations should express 


«« 


N>« 


‘^Edl 



Figure D-16. Simplified angular rate relationships 
for gyro platform. 
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the dynamics of the platform (Body E) in terms of the platform body axes 
Cj, e^, and e^. Since the platform deflection angles 6 ^ and 62 are small, 
however, the equations can be written approximately in terms of the axes 
dj, d 2 , and d^. 

"^Edl ~ ^l^Edl ^^3 " ^2^ “Ed3 “Ed2 
"^EdZ "" ^2‘^EdZ ^^1 " ^3^ ^Edl “Ed3 
^Ed3 " ^3^Ed3 ''' ^^2 " ^1^ ^Ed2 ‘^Edl 

The platform is driven by a set of four linear, electromagnetic 
actuators which produce forces denoted by Fj^, F 2 , F^, and F^. The force 
configuration relative to the d^^, d 2 > d^ coordinate system is shown in 
Figure D-17. The forces F^ and F 2 acting at a distance r from the center of 
rotation provide a force couple or torque about the d^ axis. Forces F^ and 
F^ similarly produce a couple about the d 2 axis. 



Figure D-17. 


Platform actuator 
configuration. 
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The combination of the angular rate relationships of Figure D-l6, the 
force configuration of Figure D-17, and the Euler equations for the platform 
(Euations (3)) give the dynamic model of the platform shown in Figure D-18. 
The symbols and K ^2 Figure D-18 represent the spring stiffnesses of 

the platform about the d^^ and d^ axes, respectively. 

Overall Stabilization System Configuration 

An overall model for the SIRTF stabilization employing the dedicated 
gimbal assembly is shown in Figure D-19. This model incorporates 
Figures D-15 and D-16. In addition the various servo loops that drive the 
coarse gimbals and the platform are indicated. 



Figure D-18. Dynamic model for gyro platform. 
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The platform is stabilized by the elevation and cross-elevation 
stabilization servos which derive their error signals from the corresponding 
platform gyros. The roll gimbal is stabilized by the roll stabilization servo. 
This servo derives its error signal from the roll gyro also mounted on the 
platfo rm. 

The elevation and cross -elevation coarse gimbals are controlled by 
slaving them to the gyro platform. If the roll gimbal angle were zero, then 
the platform angle 6 ^^ would serve as an error signal for the cross -elevation 
slave loop. Similarly, the platform angle 62 would provide the error signal 
for the elevation slave loop. The slave loops would tend to align the coarse 
gimbals with the platform and thus drive the platform angles 6 ^ and 6 ^ to 
zero. 

Since, in general, the roll angle 4> will have a nonzero valve, it is 
necessary to deroll the slaving signals using a deroll resolver as shown in 
Figure D-19. The derolled slaving signals and 6 ^^ deflection 

angles of the platform measured about the c^ and c^ axes. 

In order to simplify Figure D-19, the disturbance torques that affect 
the various servo loops are indicated by the general symbol Tj^jg,p. The dis- 
turbance torques include friction torques, gyroscopic cross -coupling torques, 
and residual mass unbalance torques. 

The servo electronic gain and compensation is denoted by in 

the stabilization loops and by K G in the slave loops. The symbol K- 
which appears in the elevation and cross -elevation stabilization loops is a 
constant force coefficient associated with the linear platform drivers. 
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D-6. THE PICTORIAL METHOD OF COORDINATE SYSTEM 
TRANSFORMATIONS 

The mathematical description and analysis of the stabilization system 
require the extensive use of coordinate transformations. If all coordinate 
systems are orthogonal and dextral, the transformation of a vector from one 
set of coordinate axes to a second set of rotated coordinate axes can be 
represented pictorially by Pio's method. This technique is illustrated in 
Figure D-20, The symbols a^^^ b^, in Figure D-20 denote the original 
coordinate axes, and b^, denote the rotated coordinate axes. The 
angle 6 is the angle of rotation between the two coordinate systems. Parts 
(a), (b), and (c) of Figure D-20 represent rotations about the first, second, 
and third coordinate axes, respectively. 

The vector components in the original coordinate system are denoted 
byAj, Bp Cj, and the components in the rotated coordinate system are 
denoted by A^» The relationships between the two sets of vector 

components in each case are given in the figure. 

Each of the pictorial representations in Figure D-20 is equivalent to 
a 3 X 3 transformation matrix. A spatially-ordered sequence of coordinate 
transformations can be represented by connecting diagrams of the form 
shown in Figure D-20 in series. Any number of sequential coordinate trans- 
formations can be handled in this manner. 
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Figure D-20. Pictorial representation 

of coordinate p^^- 

transformations . 


D-34 




REFERENCES FOR APPENDIX D 

D-1. C.E. Kaplow/E. C. Welch, "Shuttle Infrared Telescope Facility 

(SIRTF) Acquisition/Stabilization/Auto-Alignment Tradeoff Report," 

Part A: IPS Mounted, Data Item IDl-1. c . , Hughes Aircraft Co. , 

Culver City, Calif., August 1975, 

D-2. James P. Murphy, Kenneth R. Lorell, and Charles D. Swift, "A 
Computer-Aided Telescope Pointing System Utilizing a Video Star 
Tracker, " NASA. Technical Memorandum NASA TM X-73, 079, Ames 
Research Center, Moffet Field, California, December 1975, 

D-3. R. E. Holman "Structural Analysis of the SIRTF Gimbal System, " Special 
Report (Data Item I. D. 4. c. ), Hughes Aircraft Co. , Culver City, Calif. , 

October 1975. 

D-4. C.E. Kaplow, "Initial IPS Evaluation for SIRTF Pointing and 

Stabilization, " Data Item IDl-4. c. , Hughes Aircraft Co. , Culver City, 
Calif., January 1975. 


BIBLIOGRAPHY 


Category 

Title 

Author/Organization 

Date 

Report No, 

General 

Preliminary System Tradeoff Report 

Hughes 

October 1974 

IDl-l. a. 


First Review Meeting (Viewgraph 
Book) 

Hughes 

November 1974 

ICl. d. 


Second Review Meeting (Viewgraph 
Book) 

Hughes 

April 1975 

ICl. d. 


Third Review Meeting (Viewgraph 
Book) 

Hughes 

July 1975 

ICl. d. 


A Cooled Infrared Telescope for the 
Space Shuttle - (SIRTF) 

Ames 

January 1976 

AIAA-76-174 


A l-zarge Cooled Infrared Telescope 
Facility for Spacelab 

Ames /Hughe 8 

August 1975 

AAS-75-234 


Orbiter/Spacelab Capabilities with 
Respect to SIRTF Requirements 

Grumman/Hughes 

May 1975 

iDi-1. e. 


SIRTF Interfaces 

Grumman/Hughes 

January 1976 

IDl-lO.b. 

Optics 

Optics Design Tradeoff Report 

Hughes 

October 1974 

IDl-1. b. 


Optical Performance Analysis Report 

Hughes 

August 1975 

IDl-2. a. 


Optical Engineering Analysis Report 

Hughes 

January 1976 

IDl-2. b. 


Apodization Study Special Report 

Hughes 

September 1975 

IDl. -4. c. 

Mechanical/ 

Mechanical Design Tradeoff Report 

Hughes 

To Be Published 

IDl-1. i. 

Thermal 

Structural Analysis Report 

Hughes 

November 1975 

IDl -2. 0. 


Effects of Acoustic Environment 

Hughes 

October 1975 

lDl-4. e. 


Thermal Analysis Report 

Hughes 

October 1975 

IDl -2. d. 


Cryogenic Servicing 

Grumman/Hughes 

May 1975 

IDl-2. f. 

Gimbal/Servo 

Initial IPS Evaluation for SIRTF 
Pointing and Stabilization 

Acquisition/Stabiiization/Auto- 
Alignment Tradeoff Report 

Hughes 

January 1975 

IDl -4. c. 


Part A. IPS-Mounted 

Hughes 

August 1975 

IDl-1. c. 


Part B. Dedicated Gimbal 

Hughes 

May 1976 

IDl-1. c. 


Structural Analysis of the SIRTF 
Gimbal System 

Hughes 

October 1975 

IDl -4. c. 


A Computer-^Aided Telescope Pointing 
System Utilizing a Video Star 
Tracker 

Ames 

1976 

NASA 

TMX-62, 505 

Data 

Processing 

Data Processing, Control, and 
Display Tradeoff Repo rt 

Hughes 

January 1976 

IDl-l, f, l.i, 
l.k 

Special Reports 

Radiation Effects Analysis Report 

Hughes 

December 1975 

IDl-2. g. 


Particle Sighting Study Special Report 

Hughes 

Septembe' 1975 

IDl-4. 2 


SIRTF Integration 

Grumman /Hughes 

January 1976 

IDl -4. e. 


A Radiometer for Monitoring Column 
Densities of Infrared-Active Molecules 

Ames 

1975 

NASA SP-379 

Contamination 

The Effect of the Shuttle Contaminant 
Environment on a Sensitive Infrared 
Telescope 

Ames 

To Be Published 



Infrared Emission from the Atmos- 
phere Above 2C0 KM 

Ames 

October 1975 

NASA 

TND-8138 


